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TECHNICAL REPORT R-62

AN ANALYSIS OF ABLATION-SHIELD REQUIREMENTS FOR MANNED REENTRY
VEHICLES

SU M M AR Y

The pr.ldem qf xublfmal;o, qf mah'rhd oIM ac-

cure ulalh,Ji .j 1..at ;n a_ abhdhm ,_h;eld ;._amd!l:_d

end ll. r_.,'ultx ar_ appl/_,d h, tlw r_c_drg q/ma.md

cH_;cles i.h, tl.. _,ortk's atm.._Td.Y_ _. "1"t.. lmr_tm-

eh.r,_" wkk'h coMrol tile amou.l of xubl';malhm and

tt.,, hmuwralure dL,_r;hution w_fl_,;t_ 1t_¢: at)lat;o_
,_k;rld are dH_.rmimd and ].'_.w'.hd in a manner

_l,,_'gf.l f.r cJ_g;_c_l';m.I calculal;on. It 'L_,_'kown tk_H

tt. h,hH ma,_'._"l.,_._' f)'om 1I. ,_l_hhf d.H.g rc_lHr_l

a.d t/. i_xulati.n rrqu/mm_nt,_, m_Ul t_ 9/mlt mrtt

._'imFl!t ;. h_rnt._• qf tl. mo.r;m'um dccHcrath,, ffl tl.

'cH_h'h or tke Iota� r_.enh',q l/me.

INTRODUCTION

TIw sm'ces,4'ul return ol' a vol_ich, lhroug'h the

e,tvlh's atmosphere depends hn'v:ely on lhe pro-

vision lhat is m;tdo for reducing aorodv_mmi. Iw;tl
transfer to the strm'lHre of lhe vehMe. Amtlvses

of lhe heating eXl)erion_'ed d.ring' reentry have

been made for both lmllisti, vehi('h's (ref. ]) amt
mamwd vehMes (ref. 2:).

For the t)nrpos¢" of the lm'Sent roporl llw types

of reentry are cnleg'orize_l ns follows:

(a) l.iftin_z vehicles of ¢'ons_ant lifl-drag ratio

which reenter the ;_tmosphere nl very small angles

(so t}mt skil)l)ing ,h.'s m_t o.cm") aml which ex-

lwrimwe lllliXillllllll decoh'rutions loss t}lllll aJ)O/ll

N,q

(b) Xonlit'tin-" vohMes which roenlm" ,tl snmll

angles nml whM_ experiem'e maximum _h.ceh,v.-

lions between S._/aml 149

().) Ballistic vehM,,s which enl,,r at hmzer ang'h,s

and oxl)el'h,nce lll_lXillllllll docelot'alions _l'O_llPl'

than 14g

The vehich,,_ considered in (.) .rid (b) are suit-

able for rammed reentry, whereas the deceh,n_-

lions .ss¢wialed with hig'her entry nngl,,s (type

(c)) _enornll.v ox.oed human loh,rances.

The he.lin K extwriem'e of the mamwd vehicles

nlso differs from that of the higher-entry-angle
ballistic vehM¢,. For the h.llislic vehivh' the

]ll_lXillltllll healing rale,_ nrt, such tirol Sul'l'nce

| Oillp(,l'_l t lll'P_ 111113"c!xcccd t 11_.,111ol1 illg 1t,lll])(,l'tl| ilrl,t.4

of met.Is which lmve heon considered for hoar-

sink shields. For mam.,d v.hi.h,s the tlight

duration is much hmFer ;_l.I, ullhough lho maxi-

mum healing rnle is much ]owm', the total heal.

inlml excoe_ls tirol of tile I.dlisli. vehicle n_.l lhe
use of a metal }_eat,-sink sldehl becom¢,s im,flicient,

from a wei_:ht stamll_oinl.

As an altemmlive to the I.'.l sink, .onsid¢,v. tion

has heon given to the use of at_l.tion mntm'inls.

The term aldnlion npplios when there is n rmnoval
of malerial (nml an associnlt,d removnl of heat)

cnusod by aorodymmfic healing, nnd therel'ore
embraces melling, suhlim,tlion, melling nml subse-

(ltW_t, Valmrizalim_ of lhe liquid lilm, I_urnin_,

amt dopolymerizatio_.

_everal nl)lWoximnte atmlyses Imv¢, been made

of the sleady-stalo shiohling' elfeels whi.h r,,sull_
from Ibis H,mov.l of material. Aerodwmmic

molting tins been consider.d in rol'erem'es :¢, 4,
and 5, sublimation in rel'ermwe ti, ,nlH| simullant,ous

molting and vnporizntion in rol'¢,rem'es 7 .ml 8.

._t gellcral tree|lint'ill of lhe l_otmdary layer wilh

mass addition has t)_,¢,l_ given in reference 9.

The prol_h,m of k.eping the vehMe slructure al a.

suitably low lenq)cratm'e cannot be nnswerod by

invt.sligaling a stoady-slale situalion however;

1
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('<)nsiderlltion niust lie given to the 1)l'ol)hml of
insulation, lind tilt, ('on(lu(qion of heat tit the

:.+tru('ture is n transient l)henom<mon.

Tit(' suitIIl)ilit.v (If a heat shiehl (wtnqher heat

mini< or +tl)lllti()li nu+teriltl) <h+t)('tl<ls +)it the weight

re(luire(l to l+_eel) the strut'ture below :l given
tenq)t,ratttre, and a sinll)le (Itmntity (If merit su('h

_ls the et]'(,('tive heat <'al)a('it3 + or effe('tive heat t)l'

allhttiou gives no indi<'Ittion uf tht, severity of the

insuhtti<tn ltrtiI)h,ln. The u,'.+e t)f high-atllation-

tenq)eruttu't, nulteritils su('h tts gr:q)hite, for ex-

_inqih,, whi<'h has high th(,rn!al ('<itMtwtivity,
('tluhl lead I(i an inl<)h, rltl)h, heatiug t'on(titi(tu

although the (,ll'e('iive heat <'Itlllt<'ity is hil.r,her than

that of inost mIiterials. It is l)ossillh, that the

high-_iIihlti(iN-t(mtlti,rlttta'<, nlltterials eXl)erien('e

less muss hiss h('<'tluse of radiation ('ooling, but

this is not lie('t,ssltl'ilv d(,siratih, sin<'(, tit(, high

surface tentl)t,rattn'(, nlakes lit<, insulation iirMilt,nt
IllOl'P _<'VOI't'.

It is St'OIl, tht,ref()re, thnt tiu, l)rolilent of main-

t+tiNin+z +i <'<).I vehi<'h, stru('ture is twofold thero

titUS< I)(' adequate lir()visi(m ()1' lnaterial for allht-

lion, and there must lit, +tfllh'ient insulation to

l)rt'v<'ltt the slrll('ttir(, fl'otil lie('(iining h(it.

Thv ell'e(+tiveness (if tilt ItlIlIIti<Itl nlaterinl de-

lien(Is on its ('atlltllitity it+ disl)ose of hi'lit l)y

<'.nvection in <hi, li(iifi<l film, :is htt(,nt heat, nml

fly convecti<m in gase()tlS f()rln in the hotln(htry

hI3er. It has liet,n showii (refs. (i and 7) tlmt in

gt'nt'rttl lltl ahhttim+ shMd is lliOSt effc('tive "whetl

+t large frltctit)tl of the mass hiss un<h,rg<les Vlil)or-

izution. Wheu sulilimIition tnl.:(,s l)htt'e the<'(, is
no li<lui<l fihn; all lit<' mass h)st fr()Ili the shield

underg(it,s Val)<)rizati<)n and sullse(itwnl ('onve('-

lion ill tht' high-temperattn't' Iioun<hlry hc:t'r and

iherel)y removes It llirKe lilitOllllt ot' lit'tit. For

this l'<'+IS(llt tI nltlterinl whi('h tllt(lt'l'g'O('S sulilinia-

tion rather than melting is generally ntore efll-
('tent (atmrt frmn ('(/nsidt,ratioits of latent lit,at).

Nlttttrltlly, the eht)it'e (if _llthltion ttuttl,riIll will

lie di<'tltted by the tyllo of vehi('le und it,,-; heltting
history during reentry. For It nonliftinff vehi('le

v+*Iiosv ditm,nsions tit'(' stl('h that the h('+tlinff t'+ll(,s

eXl)erient'ed are t()(i high tit lle l)ahtnt'etl lly ra<li-

+it(re ('(+oling, it is tl<lvuntaget)us to list' +t nnllerial

with ii hiw +llihnion tentl)t,ritturt+ ill Ol'(hw to

re(Itt('e the i+_sulatiou l)rtll)h,ni. For lifting ve-

hi('h,:, whi('h t,Xl)t,t'it, il('t, lowt,r heltting rates over

most <if the surface, the t)rinmry means t)f cooli/lg

wtltthl tie rluliative <,xt'el)t lit the lt,ll(litlg ('dg(',_

where the liniitt,<l use <if +t ntatt, riM with It high

al)httiot+ tt,tnl)erature would s(,<,mm(irt, al)i)roi)ri-

ate: _thlation wouhl then take 1)hl('e only n<,Itr the

l)t, al,: heating ('onditi(tn.
The nultvriuls here t'onsi<h,r(,d most suitMil<, for

the revntry t)f It ininin<,<l n(inlifting ('lq)stlle are

thereft_re thos<, whi('h underg'o sttl)lilmltit)n at u

Iow tenil)erattlrt' (saV less than 1,51)0 ° l_.) and

have h_w conductivity +o that no fm'ther insuhi-

tirol is requirt,<l. The Itlist,tl('e of +l li<tuitl phase

insures that th<' matt, riM i_ r<,ntw,'(,d iu ffas<,otts

f()rnt tlIlt[ tlieref<irt, (,<ntvt,('ts tt htl'g<' tinl()ttllt of

holtt front the shield, aud +tls(t l)rt'('lu<h's the l)<)s-

sibilit y <if liqttid-film illstatiilit y.

The l)Url)ost, of the report is to dvveht l) ittl

ltl)llr(Ixmtate meth<l<t (if solution for stt('h a shit,hl

froth whi('h tmty tit, (h,t(,rniin<,<l the totul sub-

linmtion of nmt<'rial tlm'inff rt,<,niry and the

tenil)eriiure <liMrilluti<nl withhi the r<,nilihlhlg

slth,]<l; lhe lililliiioli teintierllturt' is ._ii('h thlit

rn([ilitiqlli liiil+v lie nt,Klel'le<l. The lilili[ysis is

dire<'t<,,l IliWar<[ (llllliiliili K rl,_illts usl,fu[ f()r

<,nghn,l.i'in K i)ui'lioses.

SYMBOLS

;l refei'en('e ill'eli for (if'Jig nnll lift, s( 1 ft

a ]iorizontltl ll('('('l('i'lit ion, .q units

('D drag ('o<'|ti('ient

c silt'<'ill(' ]lOill, BI it/(11)) (o 1{)

cp st)t,('ifi(' hen< Ill (+()list It list, [)l'OSStll'O,

Btu/(lt)) (°R)

:/ gl'livit lil ioliil] li<'('<'h'rlll it)n, fl/St'(!-'

IL:: t,fl'e.tive]t('i++t('_q)a('ity,Btlt/lll

h altitu<h,, ft

,] llie<'hllni('lil t,ttuivllh'nl of lit'ill, 778

ft-ll)/Ilttt

]: I tiernilll ('on<]u('t iviiy, Bt u/If t) (st'<') (°R)

/_'I ratio <if lo<'ltl ](<'at tlux to l[ilil til
C/i)

._llignlilion l)oinl, (/.,t,.u

/_'ii ll+Vt'l'ii+_t' viihie of heal thix rehilive Io

I /' +I+_ +
stiigtuition-l)()inl value, <+ I - dS

L hltent heil l of sul_]ilnlition, |_tu/lll

L/I) ratio of lift for('e Io tlt't_lK for('<,

l <,hartl_(,lt, risli(, h,ngth <if v(,hi('h,, ft
:lI llltlSS of vehit'h', sluKs

J'#_ nitiss lltlhite(l per unit llrell, Ill/st I ft

.\_s>, Prantltl lllllilt)0r



AN

A',_ Schmidt numi,er

Q total eonw,elive heat absorbed per
unit area, Btu/sq f!

"_ dimensionless heat at)sorhed per unit
1l l'Plfl,

q local ('onwwtive ]wal-trnnsfer rate per
unit area, Btu/(sq ft)(ser)

dimensionless hl'll|-lFllllSfOl* rl|tP

1_ radius of eurvalure of nose, ft

ll_. Reynolds number, p_l?/_:_

r (listan('e from center of earth to orbit,
ft

N surfa('e area wet ted I)y boundary law, r,
s( 1 ft,

T t eml)erat ure, o II

/ time, s(,("
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p*

tangential velo('ity ('ompon(,nl, ft/se('

('i r('ular orbit al v(,lo('il y, (fir) _""= 26,000
fl/se('

total velocity, fl/'s(,(.
T--T_o

lenlperalure ratio Y],_7'_

weight of v('hM(' a! earth's surfa('e, lb

outward normal (tislanee from initial

position of al)lalion surfa('e, ft
(limt, nsionh,ss fun('tion of W (h,t(,rmin(,d

t)y equation (4)
out war(t normal (lisian('e from al)la!ion

surflw(,, ft

fra('!ional t(,ml)m'aluro ris(, of gaseous
mat (,rial

atInOsl)heri(" density d(,('ay parameter,
f! --1

(lim(,nsionh,ss at)lalion rat(,

dimensionless heat ('onleni

fra('tiomfl decrease in mass loss due

to lalenl heat

integral thi(.kn(,ss of heated layer in
solid shield, fl

latent heat parameter, e(luation (33)
or (34)

roettirien! of dynamiv visrosity, slugs/
ft -sec

(eo.q
diin(,nsionh,ss distan(.e, _.]Cfl/] 2

densily, slugs/ru ft

x

Sul)seript s:
0

O3

1

'2

(1

b

(_

3

value of reference d(msity for expon(m-

t.ial approximation to (hmsity-alfi-
tu(h, relalionship, 0.0027 slug/(.u ft

dimensionless linn,, t/:t:

flight-path angle relative to h)('al hori-

zonta| dire(qion; negative for (h,-

scent, (leg

('on(lu('tion param(q(,r, e(tuation (64)

no sut)limat ion

free S'[,F(ql In

gas produred by sublimation
air behind shock waw,

sublimation condition

solid shMd condition

external to I)oun(tary layer at stagna-
t ion poinl

f fired conditions
i initial condition

x surfa(,e condit ion

._'p stagnation l)oint

SUl)ers('ril)IS:

' differentiation with r('st)(,rl to

• - dimensionless (tuanlity
lllOlln Vll] UO

ANALYSIS

ASSUMPTIONN AND APPROXIMATIONS

The analysis of unsteady sublimat ion of mat orial

from the nose of a body during reentry into the

earth's atmosphere r(,(luires a knowledge of the

healing ext)(,rien(,e(1 1)y lh('w,hi('h,. Throughout

this report th(' equat ions which (h's('rit)e the mot ion

and healing history of the vehi<'h, are those (h,-

velot)ed in reference 2; the 1)resen! a mflysis th('r(,-

fore contains all the assumptions slated in rof(,r-
(,m'(' 2 in a(hlition to lhose stat(,d now whi('h

con('(,rn the t)rot)(,rties of the material and ils

1)ehavior (luring sublimat ion:

(1) The d(,nsity oh, thermal ('(>mlu('livity k_,
specific heat cb, an(I lat(,nt heat of sublimation L
have eonstam values

(2) The Pran(Itlmmfl)er N,., and the S('hmidt

mmd)er ,\:_._of the gas mixlm'e i. the l)oun(lary

layer and the spe('ifi(, heats cp.a and c.,2 are eonshmt

(3) The sublimation temperalure 7',, is ('onslant
(4) Sublimation leaves a sinooth sm'fa('e and

causes negligibh, ('hangc in the shape of the shMd
compared with the scah, of th(, nose

(5) The 1)oun(lary layer r['mains lamimu' for

most of the reent W
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To fncililut_ _ a _inq)lifictxli</n (if the eon(lu('tiolt

l)rohh,m the fl}lh)vdng tqlproximtltions tu'e mtu|(':
(6) 'l'h(, nlnl{wit(l is suffi('i(mlly thick t() ulh)w

use of the "infinitely lhi('k shd)" allllroximtflion

(7) ('oudu('tion of he..it takes pltl('(' _flong lint,s
nornml io the surftl('e

A few retain'ks ill justilicnlion of the nsSmnl)lions

nnd tq)llrOximtltions seem rehwntfl. Assumlllion

(1") of ('OllSltIII1 llrot)('rtios mtLv not tdwttys t)t_

npllrollrinl( ', hut it is hol>('(I lhnt the nntdysis will

give usi,flll results wh(,n m('tm wdut's (>['m,, c,,, nnd
k,, _u'(' used. Th(' eth,('t ml the gns-ltowr shi(,hling

of vtu'iut ions ill N_>_trait A_ is se('ou(hwy (.ompm'('d

with vtlritllions in ev.t tnl(1%:., (is('(' llssUnll)tion

(2)i); howt'ver these Sl)e<'ific heals nl)ll_mr only in

the rtflio (b,._/cv._, whi('h should hay(' filth' vtu'in-

lion v,+ilh temlli'rnltu'e.
The suhlimtflion t{'lll])(q'tl|lll'(' T,z iS ('ol'r('('tI)"

d_'t('rinilu'd l>v (.onsid_,rtilitm (1t' Ill(' llhu++-+(' (,qui-

]ihrium l)etw(,ml the solid mnt(,riti] tm(l its VUl)or;

in llrneli('e, how(,ver. T+ vtlt'it,s within tl limii(,(l

rtln,,_:e ()nlv nnd nsSmnllti()n (?,) is justilied. The

assmnl)lion (if smo()lh sul}limtlli(m is n('lunlly tl

r('(luire(l proilt'rty of the mtllt,rinl if il is l(i lie il
su('i'i'ssl'td shiehl.

The ll('yn<)hls ntml]}i,rs eXlJt'rit+lwt'(l (luring r('-

entry dt,l)('nd (m tlw ])tn'ann(q(w ll'/'('D+l for lit('

vehich,. For mtll_lw<l-('tq)su[( _ r(,entr.v, lypi('nl
'vnlu(,s of t]l_, R(,vno](Is ntnnh(,r indi_.tlt(, hmfilmr

llow throuKh()ul tit(, [light lhr()ugh the upper
ntmOsllht,r(, v,'h(,r(, the m(lsl severe h(mting is

eXl)(,rient.(,d.

MOTION AND HEATIN(; DUIUN(; RI+]I_:NTRY

Au tllullvsis of stmllow rt,(,inry ira(} l]le (mrtl s

almosll]tere, for b(lth lifting tln(I ll(mlifling v(,lli-
eh': has h(,t,n made in reft,t'(,lw(' '2. The resuhs

of init,res! for lhe l)rt,st, nt nppli<'nli<m tlr(, in(']u(h,d

here for ('()ml)leletwss.
The ','uriutioll of den:-+itv with nllitu(h' is

Ilssl,m('d i(} ]w eXllOneittitd in form; that is,

p*

wh(,re p* nn(I _ Imv(' tht' numi'ri('tfl vnhws

p*: 0.()027 slug/<'u ft (2tl,)

l
_=:27,50i] ft, t (2b)

"l'h(' ,'(lUtltions ,,f moiioll n,'(, ('oml,iiw(I and
v,J'iltt'n in It'rms of it dimensionless tilngeifliul

vq,l(}<'it c (.()nql()n_,nl _....... _ll,[ _i lww iud(,-
;;,. (.qr) _'_

ll_,tl(l(,l I vtlriuhh'

l*" I ;2

X
:o M
" (_D.l

(:0

in ih('['(dlowing form:

57Z ,.(>._'_- (_r) '-7) ('o_:_,_ (4)

For r((,ntrv at smnll nngh,s the tnng(,nlii(l +'otil-

l/()lwm of v(,lo('ity +; is nl)llroxinnttely ('<ttinl to

tit(, to'hi v(,h)('ity, and cos _ 1.
Th(, iniiinl (.(re(till(ms used herein tlr(, those

ttppr(qwillte to entries sttlt'litlg from n ('ir('u]nr m+

ile,n'-('Wctl]m' orbit tit hi_zh tdtitud(,"

Z/' (_;+)hi-'sin _ (51l)
ill 7;: I.

All ,itumtiti('s (}f inl<'ri'st for (,xnnillh,, (h,('(,h,r-

nlion, /i(,ttling rnte, lilid l{{wn()l<Is lltlllli)el' ('till
l)(' (let+,'rnfined from tlw s(dt,tion of equntion (4).

Tit(' d,,(!eh,ration is given l)y

] d'l/

-, - _. (_r)"_'Z :_n_Z (6)
{I at "

and tt ('eltIps('<t tini(, by

t :(_g)',:[--27 (SZ) W-G (7)

'rlw fr?e-slretmi R(,yn()hls numl)er t)(,r unit l(,nglh
is

' " W
/rio+ l e:,_ 7100 t'%t Z (,"9

As in(lielite(I ill ]'t'f('r(,ncc 2, t,h(' ]{(,ynol(ts iililiil/or,g

exl)eri _licod ([urinl_ sl_tellile reelill'V l/l'e such that
]ll.niin:ir tlow nitiv I)o exp(_(qed to occur for tho

gl'(,ii,{ol." part, (if tiio r'+elilry (1,yl)ioal rabies

• A'_ )--4o _u_(IZ o.5 g,v(_-{-=_.4_,_u ' •( 'DA

Th( stagntllion t(,inp/,rulure of the stream is

given tly

_}_,1) u+ , ,2_F_d.u.
. dg '-
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wh(,r(, T_ 432 ° R. Thus

cp ,(7;-- 7'_)= _ _ -'"-" (9)
.... 2 Jg

The btmimu' (,onvp(.tiv(, h(,alhig r_n(, whi(dl

would t),, e',:p(,m'ien(.(,d I)v n nomfl)la(ing I)o(ly is

M _, aml Z as
given in lerms of(, 11,

.ll ,_1,2_
q.=KX,_((,,._/:) q. (_0)

_V[I('I'('

I 7 _ ,

1 ,/ ] ('SZ)_"='
.1'1 l

Zq_ q' i:.; a fa('t()r (h,t(,rmim'd I)y the shape of lhe
(1I _ p, II

I rlt l/2 --
nose of the h(_(ly aud the viscosity taw _,: _ t_ ' _-.u

is use(t. The term c,.=,'T-7' ) is small(_ompared
1 Hc 2

'2 J.,l

wil h "if" and is m,gh,('ted" thll_

The ('onstnnl K in (,(lUalion (10D i_ tlnlt used in
reference '2: llml is, K 590. Then

_('D. II:: U (.U/,J BL.U/(Sq ft)(SeC) (12)

The lolal heal which would he ac(,umuhll(,d by

•t nomlt)hning shi(,hl is fotmd by imegrali()n of

equalion (12) Io be

Q')u- l:3'9')°]cIt (.('1,.I]i,]

_V]IOI'('

("_0_ u,t ) --1:2 _ff_(_TZ) du, (14)

Th(, foregoing v(,hllions ((,(l s. (6) to (15)' 'm' used

in lh(, determination of the mass re(luir(,d for
sul)linlatiou and lh(, a(.(.umulatiou of heat within

the solid shitq(I.

(;ENERAI, EQUATIONS FOl{ SIIBI,IMATI()N AND IIEAT

AC(HUM [_LATI()N

lh'f(,reth,,w'hich' reentersllw alznosl)hm',,the

nl)lation shMd is assumed to l,_v(' uniform lem-

perallUre 7",,_. In the early l)nrl of rt't'mry the

shield is heated until the surfnt'e temperature

rea('lws llw al)lntim_ lemllerntur(, ?.,. I)uring

lhis 1)real)lation heatin_' period the prold(,m of

('()m[tuqion of heal lhrough the shield ran I)(,

lrt'nl(,d withoul dittit'ulty sitw(' the healing ral(,

is known (e( I. (10)). \Vhel_ sublimation of ma-

i('rial occurs, however, lhe ('omlu('tion of heat

wilhin 1he material delWnds Oll the ral('of mass

loss from the surface, the problem I)t,eomes non-

linear, and the exact solulion involves h,nglhy

mmwrical procedures. (_,,_,, for example, rt,f.
10.)

It is not the i)url)os(, of this tel)Oft Io olflain

exact solutions of tile nonlinear ('([lllllions ; I'lll her,

_tl)l)roximate I'(*stilts Ii1'o ol)l_fim.d whi('l_ ,-;how all

llw iml)Ortanl, l)n.r_melers lhn! ('lltOl' illl(i, lhe

1)rol)h,m aml _ive ('s/imales of the materinl re-

(luire({ for sut)linlalion a.d for ahso,'l)ing the

heat ('ondu('led to the interior. Figm'v 1 is a,

(tiagranl of the h(,_n shMd m,h,r ('onsid(,ralion.

The develol)menl of the ,litl'erenli_d ('(ltlnlioll

and apl)ropriute I)otmdary ('()mlitious is given in
lhe al)l)emlix.For the l)resenlil ismore useful

h) consider n heat (',wvgy l_alam'(' as follows:

'0q(t) = [,,_(7'_- 7'_) i 1,1-_+p:_ (7' 7'_),Iz
e,:

I(_)

l[(':,i ah_,n'h_'d ' by Ileal :w('umul:th,d I)y

su})limnled mah'ri:d r(,mainin_ mah'ri:d

Net ht':t(

inl)U( at

Slll'fa('l_

Shock

I"

FIGt:I'..E 1. Nublim:tli(m :tt llm n(_se.
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When an inlegral thickness 0 (Mined as

o( t )-- 7',_- 7'_ '/=

is introdm'ed inlo equalion (16)

(,(ltlal ioll reslllls:

(17)

the following

where ;_' is the effective conc(,nlratiotl of the

shMd material in gaseous form in the I)oundary

layer and is giw'n as a function of ;V._ in reference
6.

The imknown heating rate q(t) is elimimlled

t'rmn equations (19) and (20) t)y use of e(lUalion

(21) lo ;five

Q(t) _ [,'gT;z--7'o,)+Llm+o,,c,,(T_--7',_)O (IS)

Altenmtively, ('(lualiml (IS) may t)e wrillen in
(litt'erentinl form us

q(t): [cgT.- T_)t., Lldmilt +o:,,dtd [(7',_--7'_)01

119)

dDt

q.(t)-- [<,,(7;,- 7'=) + 1.+ o_;,.(7;- 7;)1 ,i/

d
+P:_21t [(7;- T=)o]

lllld

(24)

, - ,, ':",/k,,_T) (2r,)q.(t) IL_,_c.(/,,--7;_)] dtm(" Oz ......

An additional equation (n I)oumlary condition
a! the surface of sublimati()l() is wrillen

A ('()l q)nris(m of e<lmllions (24) aim (25) shows
lhal

1 dm
q (l) -= • dl-

N('( h(,:tt-lr:tn_,fpr ]{:it(' of |l('ttl ilb-

rah, 1o surf:w(, sorl>e(l in t)hasc
('hDII_U

07
+ ('4"b Oz):=, ,

('2(0

l Ivat-t ransfcr r.tte
to interior

Ii is important to note that in equations (19)

,itml (.20) the heat-transfer rate q(t) is that which

the shiehl _n.tuallv ext)erien('cs and is itself a

fum'tion of the i'a|(t., of sul)limnlion. Throughoul

this rel)ort the quasi-steady relation for the
reduclion ill heat-lransfer rato due to lhe inlro-

duclion of mass il,lo the I).m_dnry layer is used

(see ref. 6):

%(t)__q(/) ._:,(,1;_.1;,) ,lmdt (21)

where qo(t) is the heat-transfer rate exlwrien(','d

l)y a nmmhlaling body at the surface lenll)eralure

T,,.

In e(luation (21) b. is the ett'c('tive mean specilh'

heat and _(7'_--7,) the eft'ective temperature rise

of the mass conve('ted in the l)oun(lary layer.

The Cxl)rcssions for (e and i'. derived in reference

6 for a lnmitmr boundary layer are

_11(|

.= 1 --.tcV.:-""_ (22)

:,/ c,,,7_,t c, :11-,_7,) (23)

07", 7;, 7'_,,) d,_k,, O: ). : c_( d!
• II

+o,,c,, Jt [(%- T.)0I (2_)

which, 'vhcn inlegrale(I, gives

t" ,:t T ),,, +,+,,(7",-T=>o
• u , 1)'_ + z O

(27)

E(tuati(m (27) shows that only ])art of lhe heat,
transf('trt'd from the surface toward the im(,ri(w

is a('('u mdated (an nnlotlnt ,0:,c,,(7'_.--7'+)0), the

remaimh,r being required 1o raise the mass m

1o the _blalion [eml)eralure.

In older 1o solve equations (24) aud (25) the

,'elatiio, shi l) l)et w,'e,t--_'_ :--(k_ (_"),, llll(I 0 IllllSt be

t.;ll()v¢ll: the exacl determim_lion (>t' this relalion-

ship w4,uhl involve the solulion of the nonlinear

conduc ion equation (as shown in lh(' at)pen(lix).

In this rel)ort only al)l)roximate relations twlw(,en

bTk, O/) ,, and 0 are used.
2=

l?,efo'e attempting to take qc('outlt of the con-
(lu('tiol of heat witldn the shMd it is useful 1o

make a siml)le amtlysis of the sul)limation to obtain
exl)ress ons for lhe lotnl mass loss during reentry.

sut_umA'non oF MATEmAI. frOM TttE SmEH)

The purpose of an ablation shield is 1o reduce
the hell-transfer rate at the surface from the
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lwro(lvnluni(, rat(, q,, to il vMue bTi" Ilv pro-

riding mliterial whi(.h nt,s(wl)s lwnl (through lnieni

lieill of sul)linmiiolf) and (.(mv(,(.ts h(,nl ill the gas

boun(hv'y laver; this silualion is r(,fh,('i(,d in e(lUa-

lion (25). If /his 1)ro('ess is sur('(,ssful, ihl'n

( %kb c3_- .- <<< q. for most of ihe reenlry nml an

upper limit to the rate of mnss loss rnn 1,e ol)-

tain(,d I)y lwg'h,cling Ill,hi ('(tildu(.iiou in 1111'solid.

V,',,,,, .l,.,ti(,i, (2,_), ,,iitl (_,,, 07-')

d tu q,
d_-= L + <_ ,,(7;- 7;,) (2S)

Alternntiv(,ly, if i1 is assullu,d llml tile rate (if
ll('('unuihllion of heal

d
(/_ [phc,,(T,. 7'o_)0]

is smnll ('onllmre(l with the nile of disl)osld of heat

[c,,( 7;,-- 7'_) -- L-L ._:, (7_- 7',)] d._' -;ii-

equal(on (24) lm('onl(,s

d m q,
.... T ,-- --,-., ,,,- (2,,))dt c,,(7',, _), L aft(I,.--7,,)

Equation 112!)i)is lhe quasi-steady (,xl)ressi(m for

lh(' l'illC of lllllSS lOSS I}(ll is llOI, ill g('n('rM, mi Ul)l)(,r
lilnit. S,ubslitution for % _lnd T,--T_=T,--'IL.

from e(lunlions 112) and (9), respeelively, aim use
of the n,lntion

xvh(q'O

lllld

<tm dm ,177 I <lm
-,tt =_f_ ,li =-27 aZ ,1_ (a0)

(_!t _,-'
dm ( '_,.lll/ d777 ll),'sq t't.
1t7/ .... 1.1S/G- " _,, d77

o/

('p, 2

d7 --[1-- x "
77_-+X) 177Z)-"_<'ta I,

54:_5Ol 61 '2

;2 ,][ia cv,_

(all

(:r2)

(:_:_)

wh(,ii equilli()n (2S) is used, (,l'

X L+<,,,(7;_ 7"o)
1 It,,_ c p

4 gg a_ (tp, 2

._Iaximmn int(wnal shic,hling (,nlhnll)y

xiaXimum ext.er](al shiiqding enlhalt)y
(:_4)

when e(lUliiion (79) is used.

Eq(inlion 31) shows innne(tialelv the inil)or-

llin('e (if lhe l)lil'lilileler

,11 "_"_
( '.. l R/

(' n
og

Up, 2

} {eli,lhlg ('oelli(,h_,lll

= (lli, s shiidding (',)elli('ieiit

whi('h (h,t)en(ls on lhe v(,hi('h_ size lln(l shape

(_ 31 _'"_
lllrough \(, i/2/ and Ill(,prolierliesof lhe giis

l)o/ui(Inr 3 ]a.Vel'. It is se(,li thai. ihe lilaSS ]os:.:, ('(ill

Im i'edilue(I tiv (lesignin 7 lhe vehicle so lhlll,

M..."i",,.l/' is sinllll (low lllaSS, high (Irli K, lllunl IlOS(,)

null It 3" ('hoosing (in li[)llilion nililerial liaviilg' _l high

shiel(lin K coetli('h,nl oe 7_,. The fil(qor o_ (lepen(Is
(fp ,2

Oil the iililiil+e of the I)(tlili(lal'.V laver lind is _iven

in equlilion (2'...) ) for ii litniiniir Iioun(liirv layer.

The +l)eCili('-heiii i'tili(i f; ], ..'(' _,. , is given in eqlliilioli

(')3) ill lerin+ of cv.i.,ie]).e iili(I ii is s(+(,ll liitil (his
rillio sti()li](I t)(, llii'ge in order I()re(iii('e lhe niliss
hiss.

A sel"()nd [)Iti'iilll(,l(,t ', lIl(' (,lithilil)y ratio

I] _hh'l(Ihl_' (ill(! 11) Iill('lll healx
I U<.2 _"n (J'lis-iaV(q" ('()iiV('('l IVl" " shield" "lig

:2 <<7.;;7,

sliows lhe cffe('l (it' tile lnlenl ]wnl Z in re(lilting

lh(, illltSs h)ss; \Vil(ql Ct (';/' iS Slllall lhe ('[1'('('I of

(!p ,2

lal('lil. ]iOiil })('COllies illOi'e illll)(ti'lillil.

lass 10ss.--An Upl)(W linlii lo llie total ]lilies

loss is ot)lliine(1 I)v inl(,grlilion (if e(lUlllion 131 ) as

, t ('> Ill' !
m 1.18 ,'iz " - -/77]b/._q ft (35)

('
P

(*p,2

%V]I('I'O

_ I",7./ X
lit _ I -- --,,.L,t ,,_+ )(7�el
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nl.l "77,,ul.I -Di ure, resl)('(+tively, the vnlm's .f7 (13) ns

whvn sul>linntli<)tl begins and (,n(Is.

Equtttion (35) with kn l gives the nlnss loss tlt

• 1 t'q,
th('stagnati(ml)()itLt nlttltht, fa('tor,gH _+,I ,qS

' ;_Jq,v,o

tin.lilies this mass loss n<'<'or<lin K to tit(, varintiml

of h<,ating' rate over Ihe surface ttt' tit<, shi<,hl. The
unalvsis of r<,ft,,'en<'t, 2 does Nol al)t)ly at th<, tire<li-

tton '5 I and it is ne<'<,ssar.v l<) ussu,n<, _t v+tlu<,

"_'QI _ts the Ul)l)er limit of 77". The n<)tnitml value
"g+0.99;'+, us<'_l iFt rtq'ert, nce 2, is tllso ltSO(I hot'(, 2ts

the value at whi<'h sttltlinmiion 1)<,gins. T]w

h)wt'r limit del)eltds on the al)lati<m ttqn[)<,rntut'(,

oI' th<, hinter<a], since aldation ,,',+ill t't'asv ]wfore lit<,

st:a_litltit)ll ttqltl)t'r.tlttll't' of the sti'0aill falls b<,low

llw al)latiolt lentl)cr+atur<+. Thv value T r. 0.()5

(wlfi<'h cm'reslnmtls to n str('atll t('ntl)<'ralure <)1' wlwt'c
alnmt 200 ° F) is used through+rift this r<,itort; this

viillle is coltsith,rt,l[ sltilicit,ntlv h)w It) iu<+lud( ' iiitv
2+till

ltiiltt'l'i;tl lit)w Ilil(hq' coiisi(i(,riititin.

Thils 7}7 I'illt I>+,, xvritlell

wh('t'C

2ltllt

,,=_ ,,,_: (1 -,7) (:+7)

, ++ !195,,--:,=,,- (+TZ) _+,l+7 (:_,',+)

'!'"+'; X (77Z) _'+f_7
17 ==

'°"":' (77Z) _+"<l_
• (I.H5

(:_!!)

Eqttittion (3S) sht)w+ th2it, cvtqi wiwti X :+(I 0to

llttent brat ), tilt,r++ is ti ]hniting viiliw of the total

tit2lF.s h)s+, Wht'l'O2ts t'<lU2tlion (39) girt:,+ r#(X), tilt'

fr2tcti(tlial tit'<'i'elise in ttitiss hiss thit, Io lnlolil li(,itl+

Tlw ev2thttttion <)t' lilt, ilitogt'als ill t,(ittalhtiis (:{+R)

nlld 39) <+air Im c2irrie<l <)itl wliOli lh¢ 2tl)l)rol)rililt.

Z-fttnction+ 2ti'1, ins<,rit,d. Tht, <h,p(,ndt+ncc of

tlwse fiitttq ions Oil L,"[) 2tll(] --Got 111i..4t:letm dist+itsst,d

ill delilil ill rlq't,ri,ll('e 2.

Effective heat capacity. When <'on_lmring nit

ahbttion shiehl wilh n _tdi<l "h<,+<l-sink" shiehl (for

examph', COplwr <w bvryllitlm) il is convenient to

iutrotluct' <tit ell'<'<'iiv<' h('2ii C2tl)a<'iiy d<,lincd hi,rt_ I)v

ill<, f<ilhve¢ing i'2tlio:

Tol211 ht,iit whh'h would bt, ill)sorlmd

Itv It nolilililitlili K +hh,hl

l['si .... Total iiiiiss hts+ frolil abliition shield

Tlw ltllitl heat 2tt>+orbod Q. i+ +iron by equ2ition

Qt,= 15,gill<kit (( II ",ll__',_:iTL) qoBtu/.,+,lf+

where, Irotn t,<ltiittiOli (14),

*0. 995
_,,= a-'(_z)-,,"-'dr_

0.05

2ili<] lhu llHiS+ loss is 7iv('n Ity ('qtlatioYi+ (35)

ali<[ (3it).

P(li('l lhe+o expressions nro used ille f<)llowing

result i+ t)l)12lined:

ll<yI 13,5OO++ ll,,:: Bttt/lh (49)
Cp, 2

ll,'s! (//,i:)x=o (l--n) -t (4120

['°"+_ _-' (-_Z)- 'J'<tT_
-- i.,' 11.t)5

(ll+fi)x ..... = J"". 9!'.+ (_TZ) t"2¢177
• ()115

(41l))

Equ2tlit ns (4()) itnd (41) show that ll+ls th'i)cnds

only oi_ llie l)l'Opt'rlio+ ttt' iht, altlitlion ni2ilerilil

(1 [il+t)lig i _;,,"'C:,,L+2tild X) aild Oil iht' vvhh'h' Ir2ijl'clory

(still'l' (+l.r/)x:. is 2t ftlli('li<)tl +)ill'>. t)f Iriijcctt)ry).

Relatlons between mass loss, deceleration, and

time of reentry It is +e(,n t'i't)til equiilions (30)

aN<t (32) that the tnttxintttnt sttltlint2ition rate

del)elitl+ <ill ilw value of X, sittce

d m +'7_
d: -77: FX (;7Z)1"_

F<)i + lal'Fe vnlut,s of X this titiixiitilllii ttccllrS wh<,n

"77-'(_7Z) i,+' i+ _+i'(,2tlt,sl lh;il is, 2it l;u,al.;+ h(,;tling

(SeC ('(i (l I)) Ill<l[ Wilt'it X-t), it ()c(!ttrs whott

('JTZ) 1/2 S g'l'l.'Itll'sl lhal is, ttl I)(,21+1,: docl,li,t'alioil

(2is st'<' i froin <,q. ((i)). Thit+, in K(qil,r2ti. the

inltxitiit tn sttlditnalit)ii i+tilt+ o('('lll'.'..+ ll¢lween l)enk

iie2ililig itltd peak <]l,c(,[<,ralioli.

In gt n('i'Itl, llic ltll2t] iniiss loss will <]el)lqttl on

llio lot tl lhne 12tkoll I0 ('<tiii])hq<+ r<,(,iill'y since

n-Tx:.+ is 2t fuu<'lion of tiw Ir2ijt,<'lc.r3. li is of

exlrvnit ilitt,rt,st, Ih<,r<,f<w<,, to (hqerliiine h<)w the,

lll2lSs Itt4s ll12tv I)(, l'<,<[licot] t)v all<re'inK, the vehich;

to I!olnlllete I'eelitr.v it< it sli(li'l I)<'riod of time Iml,

with th,..' i'eservalit)n ih2tl tile illliXiintilit th,c<,hq'2t-

lion Im kt, l)i It)21 toh'r2ttde h,v_,l.
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Tit(, rel_ltionshi 1) b(,tw(,(,n th(_ total mnss loss,
horizontal d_,('(,l(,n_lion, and tim(' of r('entvv

t)('(,om('s ;_l)p_trt,nt wh(,n O(luations (_;), (7), _mfl
(::;8) _Lr(' rt,('all(,(l:

ltll([

-a= (_,')'/"_Z

" O. 9!t,5
7= (aZ)-'d_

• I_AI5

_ 0. 995_x:,, = (_Z) - ' "_,1_
GII. 1/5

Sire'(' "iTZ< ('/TZ) ....... it is s('(']l th_tt

an([ sill('o

-- (I t:laxl - 1 / 2

-m_=,,->-L(_,.),.__I

(1)y _t simf)l(, _tt)l)li(.nlion of th(' S('hwarlz int(,izrnl

in('(luality'), 1h(,n

";;Tx=,,,< 7','_

Thus in g_,ne,'nl, 777:,=,,snlisli_,s

[_,I* (-(''_'_)] <_'=°---< \27/

(wHere th(, num(,ri('_l valu(,s of (fir) 1/2 _md (B.q)1/2

have I)(,(,n ins(,rte(t), a_ r(,sult in(l('l)(,nd(,nt of

vt, hi(qe ('}mra('t(,risli_'s OF tr_tj('('tory. Wh,ql nil
l

av(,r_tg(, v_tlue of _'Z (,(tm_l to 2 (_Z) ...... is used th(,

following siml)lo rule m_ty It(, (,Xl)eCl(,(I lo hold:

-- [--[ l__(lma.r'X'- ] 1/2

(,
Th_tt is,

Rule A: gh_' tolal ma.,'._ l,,,_x rr_rie._ i_rer._'ely _ts

11_ ._'q_a_':.s'oo!,_//he:s,a.s'/_us**h,>:'i.zo::/aIdz,t'elz,:'a-
tioga.

Alt(,l'natively, comparing the int(,gt'_l (,xl)r(,s-

sions for t _tn(I 7gx__ h'ads lo th(' following relation:

That{ is,

Rule B: 2/'t_e t_,l(tl _a._x I,,sx _,ari_.s as the ._'q_,(_'_<
r(,ot q/t;_,, 1;,_'*'ee_/*'?t.

'rhe foregoing r(,latio_s I)(,tw(,(,n m_ss loss,

(l('('(*h,ralion, a_(I ,'(,('nlr 3' time l)rovi(le v(,rv siml)l(,

(,xl)r(,ssions for th(, sul)limalion (luring r(,(,_lry.

Application to particular vehicles. -Th(, siml)l(,

_l)l)roximal(, rule A is i_v(,stilzal(,_l I)y ('Oml)aring

(,x_¢'l r('sulls for _'x:. (I)oth attah'ti(' _md tmm(,r-

i_'a]) wilh ['(t_:_/i[)tt (42). TIH, im(,gr:_ls llmt.

;_l)t)(,ar in ('(ttlltliolls (:))S), (:_!)), _r_(I (411)) lll'e

('v_llmtl('d for lh(, following typos of vohi_'h,:

0_) l,ifling v(,hi('l(, _tt z(,ro r(,(q_tr.v _n_zl('

(t)) Nonlifting ('al)sul(, al Snlnll ('nlry nngl_,

((') B_llisti(' v('hi_'h'

Althougt_ th(' (l('('('l(','_ttioz_s _,Xl)(,ri(,n('(,(t l>v t3"l)('

((') v_.hi('h,s usually (,x('(,(,fl hum_tn tol(,r_m('(,s, it is

_(_v(,rth('l(,ss of int('r(,st lo ('()mt)nro the r('sults

with lhos(' for tyl)('s (_t) _m(I (h).

(,I) Lifi,illg ,'t,]liC](, (,)/,l;--_f, (11)

Tho _l)pr()l)ri_le Z-fun('tion is writ t(,n

Z .... ! -7"a" _43)
L_

;_,0 l)t_

From (,(ttt_ttion (::_,R),

Nx_,,=(:{() L_)'"' [ "''''''s

=1.41S (:_0 I)]1_/''

(l-- _e) _'%17/

(44)

and from ('(lu_ti()_ (:¢,()),

• (,.,,,_ _"+X " )k ", 1:2

t/ '°_'"'_(1-_-') "_d_
d (), (I,_

(45)

Wh(,,_ the limits of integration arc 0 and I,

rl_ (I-_ X/ " Fr(,,n ('(t,tali(,,, (411,),

• (I. 9 (.I,5

_(1--_")-"_,1_
L) (U_5 ' l

(*"7,ss)x_ / (1- a _)-''_,/_ ')
=, - - "lii'a!_5 ..... _"

,,J 0.115

(4(i)

(igai_b (7-I,::)__(,----,I)wh('n the limits are (1 nml I.)
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The maximmn <lt,('eh,ration is at.1 e(tltaiion (42) gives

and etlUali<)il (42) gives the al)l)roxinlale t'estdt

.'-Tx_<,--2' _ (30 _')) s'+ (4+)

A conil)arisol;l with e(luatitm (44) shows tlml

the error is less than (me-h;itlf of I percent.

• " i]i+):=0; _ _+_5o(l,) N<)tflil't It,g <+al)suh, ( l )

The Z-l't;it;ictions for rionlifting vehi('les tit sitlall
(/+ _oret,nlrv tinldh, 0<--++--.,) tit'( +` talitthtted i;l;l refer-

(+;l;i('t ' '2, togt.tlwr with ass<)ciat(,d fut;icti(ins of Z.
These ftmctiot;is, which are in('huh,<l irt ta])h+ I of

the I)restq;it I)al)m • for easv ;l'efere;lu'v. m'c tlSPd it)

evaluate "777x=,," n, and (/7,s/)x. I;15, t;ititti+,t'i(,ti.l

integl'ation an<l the ;l'i,,,-;tills S;l;l't' .(c.riVOlt ill table If+

together with those for cases 0;i) .nil (('). Fc, r

case (I;i) the al..Ci'i't't/It'i;it l)(,twet, l;l the ;l'(,su|ts fill +

u+'_'x_ogivt,;n hy rule +%..and the exact vlthtes is li.gaht
i °

good t'xcel)t t'tii' --++'<;7 , wht,;re thle e;iTOf is 1(I

l)e;l+(+('n I.

The (Luatltitieu ([[.rs)x_, aml 77for <'aue (I;i)agree

Ithnost exstt'tly tit --_+=+0 withl the (,t);l'rt,sl)(inding

vtthies f(i;r lhe liftil;ig vehicle. ..'is --¢i h;l(Tetlses

fl'Oill Zpl'O ht)wl?vtq', |)olh (lI+.if)x:,)st;l;lil ,q i.hiillgO,

t)iil t;ll)iii'(iti('li ('()li_tsl;lit, villi;leD ili(l(,l)(,;ll(hqil ()f +,

wht,;li _.. _o--V',:/>,) sis show;l;l I).v iho followintz <.t)l;l-

si<hq'sitiol;l of (.l;l,_e ((,).

(c) B,illisti<' vehMe (_;=:(. --++_5 °)

Thlt' l'('(ltiil't'tl Z-ftili('tio;it is ilOW

Z= 3o sin(--_,.)_(--log<. _,) (49)

which is il;ise;rted il;lio e(lutithtn (38) to give

'giT_Tx-o_[30 sin( ¢+)] (--_+ log, _) ;'+2d_.

=3.32 [30 " . _'__ln(-,v,)] (51))

Tht' niilxitntttn decelel+ation is also easily ohtai;lled
S;IS

_ ,,......=(_ l
\ 9'1l} ..... 2e (51)

7_x_<_=3.3013l) sirl(--_)] ,/z (_2)

A v(ti!ipitl'i_o;li (if e(tustti(ins (50) ut;id (52) +l;l(Iws

thai tlio OFI'OF hs('1;irr('d t)v t];l(, t;I.,.:,(i ()f lhle approxi-

lilt|It' relalilili (4'.)) is ](,:.4s than I i;l(,r(,elil.

}_vlthltili(m (if (hie inlegrals hi e<tuali<m (41If)

gives

(l-_,ss.)x ,, .t.2] =(i.3.) (53)
= ;1.32

whi<'h i," ii;l(h'lien(h'nt of --¢+.

'Flit+` fui;l('lion 17(X) is tilso in(h+`l)enil(qil of --_+

for --++>5 ° an<l is evsihitihql i;luniel'i('ally fr()iii

t,quntion (39). '['itlih_ 1I sh()ws lhal r#+l il+
X +co f(t;r ill| ('SiS('S. Also, its X _co the ell'e('live

h(,tll ('afisi('ity ]Lsf Int;isl le;nd Io st limit. L, the
ls;llel;ll h,,lit, (;i;i'

ILsr=(lt<rr)x=_(1-+7) _- _x

This liellavior lilt|)- lip veritie(I for ease (It) whlere

(/l,ss)x .(l-- _l) 1- 5 l@

i

I1 is s(,( ii that II,/i +X t)('('tiuse ihlt, ('Xl)O;liel;ll (ff

_ ( ')l+X is ,(tual lo ll,:: -- _ . This tiehls;ivior stig-

gt'sts tlat +, whlh'hl is e(lual io I_-X for

('il+se (st), shollid })(, ll]<)l't + gr,p;litq'Itlly

(x <, (,+4)
"=\Wx]

and hn hi|el it coniptu'ison shlows lhlai this result_

iigt't'e+ w th those hn lat;lh, II t() within 1 l)('l'<.'(+lito

Thle f)relroi;n _ l'(,s;lills for #+'-_x= (]'-7+.ss)x=,t, i;li;l(t

+7 ill'(' sh.;iwn in figures 2, 3, 4 It;l;id 5; ill [iglll'O 2

the vahi's of l t;io ilistxiliillili de('(,hq'tllion re(tuh'ed

for e(tuation (42) vcere ol)lained froth figure. (i(it)

ill e l'l,fPl'O ;l(!(l 2 fOF 0 <--++(it °, an<l fr(;ini (,(lusition

(Dl) of t ;le [)res(qll r(,l)orl f()r -- <_+./()_'0.

I;n fig ire 3, the rabies (ff the nitixin;luni (|e-

('elt, rttli(;l i wer(' taken fl'Oltl [i7;i;i1'<, I0 (if F('f<';l'('l;l('O

s_+<
2 for 0:_{])=1, It;lid fl'Ollt ('(lilttti(;l;ll (47) of the

L
p;res(qit report for _)>1"
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TAI}LE 1. VAIA:I,:H {)1: 2" ANI) I¢I,:LATI,:I) QUANTITIES F{)II L I) (I ANI) (I_'S: ,r,_5 °

I

(i. (,t95
• (.)(.1
• 98

96
94

,'45
81)

• 75
• 711
• 65
• 60
.55
• 511
.45
• -11)
• 35
• 311
• 25

20
.15
• 1(I
• 05
• I125

] ---
I). 9q5

• 9it'

98
9li
94
92
9O
85
8(i
75
70
65
611
55
5(1
45
4O
35
30
25
20
15
1(I
O5
025

I I i --

z ,7, G,, I t, _(_(, z ;(, g, l, ,,,,, z ;7. _,_,, t, _,,(.
i i

- !

1 o i

'¢' I)° " '¢' 2 ¢' l°

0. 0504O. 00058 O. 02;}8 0 0 0. (}t)13l t) 0357 0 l l) 0. 0l)2{i 0 l)

0011)5 03(,1{i . 156 140 ()027(I 0507 . 113 72 . I1053 .0710 .1}81} 37
0(1467 1}65(} ,338 23F, 110603] (}73F, 265 141) 01l)8 . i98,_ . 191 73

01315 1035 .550 3111,t 01-157 ' 1(1911 .160 11.)(,) 022(.} 13ira i 342 l()S
0241 1330 . {i88 341 1)253 ' 1363 51,t3 '2'29 ():}(i I 1628 -151 128
I)3(i9 1551.) . 792 31)1) 11:178 1578 Ii95 2-18 115115 1824 : 537 1-11
0515 17-14 875 37-I 0519 1751 777 282 (}66(l 197.1 609 15"2
0(,)39 20-1 l 1: 03() 31.11i (}934 203l) !):}'2 28.t 11)92 2201 750 170
l 135 2168 1. 1-11) 411 1.121 2158 I. 042 21.t8 1580 2275 g53 IS3
11.t91 217-1 1. 223 -t21 1(,)70 2162 I. 126 :}()9 212 2243 (.t33 192
260 2090 1. 288 42{} 257 2078 I. l(.}l 317 270 21311 996 200
324 11.t39 I. 3.1(} -I:16 ;121 i 193l) I. 2-1:} :12.1 33:{ I(.}li{) I. 0t7 207
:}(,t2 1746 1.3SI -t42 ;189 17-111 I. 285 :{:11) 398 175(.) 1. 088 213
.11i3 1526 I. 415 -148 -11)0 1521 :}IS :{:16 .166 153I I. 1'2"2 218
536 129-1 1..1-12 453 533 1'2!tl 1.3-16 3.11 5;{7 . 12q5 ! I. 1-19 223
6l(l II)61 1..16-1 458 607 1058 I. ;}67 :146 lil)8 . I(}lil) i I. 170 228
68-1 11837 1, 481 463 ti8l 11835 1.385 35I {iF,{) .(}834 I 1. INS 233
757 1){i31 1.41.t5 468 754 (Ill2(,) I. 399 356 752 . [}{i2F, I. 202 23F,

F,27 I)448 1..)_-ll)Sa 473 824 0447 -I09 :{lil 821 .0-147 I. 212 2-1.18.1t2 1}295 1. ;} 471,t 81,}1} 0295 .I 17 367 885 . l}21`1-1 1. 220 249
9-19 017-1 1. 519 -181i 9-17 0174 ,123 :{74 (.t-1'2 . [}17-1 I. 22{i 256
9112 (1087 1. 52:{ -193 991 111187 427 :182 9F,6 . I)081i I. 231i 26-1

I. t)l)(,) (l(132 I. 525 504 I. 009 00:{2 -129 '{q'> 0(15 . (}1}32 I. 232 275
• .1158 (11}115 1. 527 52I . (.158 ()(}(15 43l :1il9 (.t56 . ()(l(15 I. 23.1 '}(_3_"}

• 825 (}(}l)l I. 527 537 . F,25 001}1 -131 -125 821 . ()0(11 I. 234 307

--g'i 2° --_i -3° --¢i -4°

i

{}.11052 0.11712 [) 0 [} o1178 0872 0 !I i}.0105 {}.11112I 1} t1
1111)5 (,999 .1157 18 0157 1222 .11.17 I .11209 .14111 I o4o .1t
0210 1378 136 ;17 11313 liiS2 111 2;• 1141 ti . l (.t39 ! 097 1F,
0422 1855 .246 55 0621 2256 2l)l 37 (}F,27 .251,t7 175 28
0638 216.1 .327 66 11934 2{il 8 268 44 1233 . ;}()(IF, 233 33
I)F,58 237g . :}(.13 74 1248 2862 32:{ 50 1638 .3281) 281 38
l l)8(} 2525 449 Nl) ] 550 3025 37l) 5.1 203 .3-11i2 :}22 -11
1651 2706 560 92 231 3201 4li3 ti2 3()0 . :}648 404 47
224 2709 646 I1111 3116 3111ti 536 118 393 . 3588 -1111} 5•2

28-1 2596 714 107 380 3003 595 7.1 .|F,2 .3382 521 56
3.16 2-I I I 769 113 45'2 2756 1i43 78 51i8 .31)89 564 59
-11)(.1 217S 815 119 52;} 2-11i4 683 82 649 .2744 59{I 63
47.1 19211 852 12-I 591 214-1 717 8li 726 .2376 630 {ill
5:18 1ti45 883 128 ti57 1818 74-I 911 797 .2111)3 655 {i(,}
lil)3 1373 (.t08 1:13 721 1501 71i7 94 81i3 . 1642 671i 72
668 1 1111 929 137 781 12011 787 (.18 .922 . 1311-1 693 75
7;{2 ()81i6 946 1.12 8;18 0926 802 102 97.1 .1)991.1 708 71,1
794 0646 (.151.t 1-17 890 0684 815 l{}li 1:018 .1177,1 711,) 82

853 11455 9119 152 936 I)477 824 1 l(l 1. 1152 . ()5()ti 729 8ll
907 0298 977 157 975 113(}9 832 115 I. 1176 .1)321 736 91
954 ()175 (.t83 Ili4 I. 1105 0171,t 838 121 1. 086 . ()181i 741 (.}7
989 11(}87 {187 172 I. 1121 t11)88 841 121.t 1. ()79 .01191 7-15 1114

1. 1102 {}1132 989 182 I. 1}16 0032 844 139 1.1}-18 . ()032 747 I1-1
• (,t5'2 (}1}(}5 {}(.11 200 .952 1}11115 F,-15 157 . (.}ti(} . ()1)05 748 131
• 822 I){l(ll {11,11 215 .820 O00l 845 172 821 . (tlll)l i 7.11,t 1-16
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TA P)I,I,; II.

Vvhich, |*]nT r_

[ rid-,

E _:a 't

(a) ldfliill .... (L)12L. l I.t1_ ;ill 1)
D

i _) 3. Ill

; _ i 2, 95

(h) NI)nliflin_ i I 2, 7;t

(;l[)_tlh', [ '2 2. I0I
L 3 i '2. 17
D = 0 i

t I, 9_)

I I

I
I('_ l];diis_i(', I ¢ "'5 [ 332[;:: s __¢ ,]-12

-TAFH-I.\Tt,]I) V\I.II,]S ()F Ttll,] .',IASS-IA)S,'q ]'AI(AMI,]TI,;IIS

l)hH('tl_h)tll'ss I_]',1_'_ Irlss, /7_), o

Ruh' _.,

,( ........3( ) \ --U )

2. 70

272

2. 7o

2.57

2 ;_(I

2.13

R)iI(' I1,

0 ,q1_'))':

,,,(:,,),;)':

3. )19

3.27

2.7(;

2. 29

2. O3

I. _5

3.;_0130 sire--_*)] r2 3.22130 MI)(--_.-.)] [IT_

(}, 5

0 5(XI

• 4_4

• 453

.412

• 391}

,3_(l

O, ;::51

)7

I i i i
X=O!X=O.05! X=O.I X=O.Z_ X=11,511 X=I.I)

i

"l) I'I). 21_. "11.;1112 *0, 1-17 1"11. fi77 "0. 71)7

I

0 223 Ik H05 O. Lrl) [ O, 5'.(I

, 2;¢4 . ;]19 I¢_;] ,5_9

.249 .337 I_2 .q()_

, 27;] . ;](;| , ,'*)] ] . 1_3;]

2_!1 .3_3 5;';I) . +1.50

302 . ;_97 , 5]2 , 1;(0

i11 l), 3411 O. _31 [ {I. 572 O. I;_1)

i 1 :

0.71)7

.715

• 7;10

751)

• 7_12

770

[) 7_5

( ')': ( ' ....n= I+,_ ft)r (.as<. (at; n_ i+_ re.re _('mrnll3.

!

ik=_

*I

a I

J
iB ..<

,,., 5=o,-_ <5°.

(.o

" NX:O

/ ',

, !

1

i

',i !

i

4 6 I0 _2

initial reentry angle, -'O/, deg

FIcvR_.: 2.---l)im('n,,<iowh,ss total mass loss f(:r nonlifling vrhi(.h,s.

14 16
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O

It 8

o

6

E
£:3

/
/

/
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/
/

/

/
/

/
/ r

/
/

;/_ : o, -_, : o

/
,A

/
/

/ '_X=
/ o

/

i
i

:_ >l,-,p,=O _-_/

/
/

/
/

/
/

.5 I.O 1.5
L

Lif_-drag ratio, _-

2.0 2,5 5.0

l,'1,_;t:}t],; 3. l)im(m_ionle_s tna+s 1o_ for lifting vehicle_.



14 TECHNICAI,REPORTt{-62 "NATI(iNALAERONAUTI,;SANDSPA_CEAI)MINISTRATI()N

FIG('I{H _,

1.0_

o

7
c .6

g

' k=co
ID...

Z

<_ I

o .05 :

_ _, _ >1; _ :0 _

t °
0 I 2 5 4 5 6

Initial reentry angle, -% , deg

I"[(;I:RE ,5. I,'raetiotml rv(hi('tion hi lii'L_S loss (tll(_ to

htt_mt lwat, for lifting and nonliftin_z v(,hi('h,s.

agr(,emetll wilh

:and --_,, 0:

Tht' villtnl,_ of (ll,.)x=. tlud _ fotmd nlmmri(mlly

for tilt, (mSl, <)f L
l)=_ll _Jn<l--_=0 _lrl, ill good

the _umlvti('al results for L• i)>]

Itlld

X 1 _2,
lls seen in tal)h, II, _llid il is infi.rr(,d therefor(,
thai these values ill'<' vn]ill for till (',s(,s wh('l'l_

i.

_) >()lilid ¢i--(I.

In gi,iit,i'ltl ii is s(,(,li fl'oln figure 4 lhnl 0.35

<=(ll.ss)x=_ __<0.5 ft)r llOll]ifting v(,lliell,s, tile hiw-

er liinil ('(irr(,sl)olllling to -- _ ,-,o_+/,) . Ii is 1() 1)o

exl)e('i(,d l[llit (II, ff)x=. ([O('l'(,lisi,s as --_i ill('l'(,lls(,s;

sin('o il gl'l'iil(,l' t)_ii'l of ttie l't,(,liirv is st)(,nl in lhe

lower i lnlOsl)li(,r(, where lh(, gns-lnyl'r ._hi(,hling

eff(,(q is loss.

A ('h,wk on tile Itl)l)ro×ilnal(, ruh' B is ln_ld(, iis
follows:

('+ )For (a) liftbig vt,hiele i)>1; _, 0 ,

t_ , L._°':+"+

:.,0,0,,D
Thu,_

__ 1.41,_ ( ts_ l''_
rex=0 :(7.(,)4)1,,_\<77!

0.,w,3 ("/s'_ l,'_
\27)

ilnll is inlh,l)(,illh, nl of L/]).

For (b)uonliftiilg C,ll)._ule (/;=(I; t)<_,<5°),

.N,+unl,ri('lil vlihll,S of 11127 show illlil:l]i(, ill)-

|)r<)xilli ill_ rl,lnl loll

_ (_ if" li2

1 °

is llCCur'llle ('x('('l)l fi)r --<#+_:2 ' w]l(,ro lh(, (,rr(irs

lIFO I11010 i [litll 10 [)(q'('olll.

For (_,) billlislio Vl,hi(dt,(i_=:0; --¢,_.5°),

S (I, 99_')<7 ,.,,_

---14.6713{I sin ( _¢)]

Thus

_ ;_.:_'_) [ _,y,'_
rex=. -(14.67),i_ \_/

=0.84 \27]

luld is inlh,l)lmd(,nl of --_,_. The oxa('t oxpr(,s-

sions for _Tx=0 lu'e colnl)ar(,d wilh the lq)proxiniatc
r(,hllio,

( t, _ ''2
_x=<, (t.g4 t,27/ (55)
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in table I] _md shown in figure 6.

In the foregoing analysis, (,xpressions for lh(,

loht[ III_lSS lOSS (lilt[ tile <'ft'(,l'tiv(, hi'at cnt)_t('ily of

the shi(qd tmve b(,l,n ot)tained by nSSlllllillg thnt

sul)lhnation starts early llurirtg ret, ntry +tnd llml

the n('cunullnlion of h(,_it is n(,gligil)h, (.onll)arod

with tile (lispt)sal of heat. Both aSstlnq)til)llS lend
t,o (_ons(,l'vativ(, values f<)r the toted mass loss

(that is, values tlmt _r'(' too l_u'gl,).

An _m_tlysis i)f tht, h('al-<'on(lul'tion l)rl)l)h,m

within th(, shi(,hl is ih,sirttt>l<, in <)r<h,r tl) justify
these ttSStllll[)ti()ll: .a, tllld nlso to I'slilll_ll(' (Ill' lllllOl+l|ll

of insuhttio|+ rt,<itfir(,d t<)k('l' I) thl, struetur(, fool.

+_(7(:t;MULATION O1+" HEAT WITHIN THE SHII,:I,I_,

The ott'(,('tiv(,nl,ss of an +|t)hHil)n shi(q<l in

1.0

o

6

F
_o

<a

g

c
<2_

4
c5

.2

/
/

,s
o/

i°/
/

/,
/ i

.7 ,
/

/

i

'- /
! 2

/
/

/
/

15

r(,llu(q|lg heat transfer to tim v(,hi('h, structur(, is

ml,+,su.'(,d fi|mlly in tl,rms i)t' the nmss rt,quirt,<l to
k('l'p the stru(qur(, l)eh)w _( girt, t! t(,ml)ernturc.

Ii ]ms b(,l,n shown in the prl,vious set'litre thai

th(' tntlss loss due to ahhttio|l is virtually in<h,-
l)('t|llent <)f surfn('e loml)('raturt, when 7',>>Ts.

The mass r(,(luirt,nn,|lts fl)r insuhttio|t, howov(%

dl'l)('|l<l I't'itit'nll3 + on ill(, nt)httim_ tl,mt)(,ruture ,

+_n<l it is tl) t)(, (,xl)(,(ql,d (hal the use of n]nl('rials

with h)w _lt)lnlion toml)ernlu|'(,s ++|ill rl,(hu'(+

('onsilh,ral)ly the i|lsuhttion l)rl)td('m with rel-
atively lilth, itlcr(msl, itt tim l<)lnl nmss loss.

In order to estimate the i|_suhltio|| requir(,d,

In(, ,lllkl,O_#,,*l, r(,],,|iOll 'bl,t'+,++r(qql (_+/_ _()77"'_. _)_ ]:=0 a.nd O

/
/+

/
/

/
/

/
/?

/
/

/

.4
/

/

A b>l;__ =0

0 _=0;0<__-_ <5 o

/ o
a _ = O;-',o >5

4 6 8
I

Reentry time porometer, "''(rf/2
\27/

]qCt:UF 6. Varialion (,f m,'tss loss with ruenlry tlme.

12
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t|ismlssed mu'liiw in the report is assunu.d to be

kb Oz L o-- 0 --

A.lthtmgh this equation apptmrs nt first sight

[0 I)(' lit IIIOS( It ('l'll({(' at)proxinmtion, one should

expect a r(,laiion of the fol'nl

(l'_ _'1.')_,.:.-=(, .1(/) k,,(T,--0 "1''_) (56)

wlwre . [(/)

l)aranlel er.

9

--_-<.l(0<l,
7i"

Equalions (24) and (25) nre now

respectively.

" ' " '7' 7'_ dm

,!
I(7;- T ,3ol

llll([

dm a_k,,(T_-- 7[_)
q,,(t) [L+cd.,,(T,.- T,,)I d(-- ....
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is a slowly varyi)lg dimensionh,ss

It is shown in lh.e apI)endix that

writ ten,

(57)

(aS)

whi('h may I)(, solved for th(, u)ll,:)mvcn quanlities

dm (1
7', and 0 when 5/[- (b(,f()ri' ablation) or for m

and 0 when 7',= T,, (during ablation).
Preablation heating, l_efore al)precial)le abla-

tion o('('urs (when the mass-loss rale has nvgligil)le

(,tr(,(.t oft the h(,ttt-ll'ttilsf(,l' i'ltl(,), ('(]tlllliOliS (,57)

and (aS) r('du('(' to

d 1 0 ,_._(T, 7'_)
q,, =a,,(',,_ I(T,-" .,) )= o - (5!))

and elimination of 0 gives

if.Q,) p_cd(,0(7';.-- 7'.) _ (60)

When sttblimation begins, u =u,, and "I', T,,;

equal ion (60) then becolnes

qo(]7,,)Q.(TL,)- p_c,k,,(7].-- T_) e (61)

which is writt(,n in dimensionl(,ss form as

_ - -- - 1.07 p_('ok'o
_°(u")Q°(u")=k,_'., M (7'_--'l'_)_(10-r) (02)

( 'I,A R

(Striclly speaking, sublimation occurs at all

wdu('s of the surface t(,ml)erature lllld T s is

related o dm/'dt lhrough lh(' l)has(' relation whi('h

(l(,s('ril. s th(, (,quilil)rium of the solid mali, rial

with il:. vapor, ll) I)ra('li('(', how(,vi,r, din�dr is

negligibh' ('x('('l)l when _''r, lies wilhin a limiled

l'allffe whi('h in('huh's the ll|(,an vnlu(' 7',, used

}iOl'(L )

1.O7

Sin('(, ,_',,_'ii
that,

W}lOl'O

_-I, it is s('(,)) from (,(lunli()n (62)

_,,(_7,,)_/,,(_,,3= x-'(l ()- ;) ((ia)

x (p,,c_',,)'""
:::j• ('/:, 7'.)

\( 't,, 1 R}

Equation ((;;3) (h,t(,rmin(,s wh(,(h(,r sul)limali,m

will o('('ur during r(,(,ntvy. If

-- _ '> 7(q,,_g,,)......<x-(l() ) ((i,5)

sul)lim:ttion will nol ()('('ur, sin('(, e(|uuli()ll ((i3)

cannot I)(, satisfied and the maximum value of

T, will ri,nmin l)elow T,, throughout reentry. In

terms (if _ and Z, (he (.ondition that sublinmli()n

will no( ()('('ur is writl(,n

[,=,. L! u ut 12"

and it will I)(' shown thai tlm l)ra('l.:eli,d (,xpressmn

in this in(,(luality is virluallv ('onslan! (apl)voxi-

matdy 0.2) am[ is indepmMent of L/I) and _,.

Whe i x is wrilten

\ pbCb/

x-= ( M "'_'<_
\¢ ',,. i/U

it is st,(n that sul)linntlion ('amlol oc('ur if

(l) tq(: param(,(i,r \(%|IU ' whi('h del(w-

mines th(, h,v(,l of the h(,ating rat(,, is lo() small

(2) the th(,rmal capacity pt,c0(T,,--T_) is too

hu'ge, (3r

(3) the lh(,rmn[ difl'usivily \p,,e_/ is too hu'g('

The materials under consideration in this report

have h,w ablation temperature and low thermal

conductivity; more spevifieally, lhe maleriMs

und('r >('l"ious ('onsi(h,ralion hay(, prol)(,rlies with
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lhe following or(h,r._ of nlagniludo: p_._0(l(V)

ll)/cu fl. c,,--_0(l) P,tu/(lt))(°i¢). /.-,,_0(10 -5) I),lu/'

(ft)(s(,(')(°R), and 7',,--T_--_()(10_,ll) :_) °R; for
M

veliMos consi(leri,d h(,r(, (:_2111_"lO 1 lhus

x_l() _ nnd suldiniation will occur.
It, is of interost to (h.torniin(, what fra('ii()n of

the tolal Hig]lt tim(, passes before sublimal ion takes

l)la(,(,. Th(, ratio/.it/is fmmd as follows:

If t (1 wllon 7/ 11.995, t]len, sin('e 7]. is an
increasing fam('ti(m ()f W during the o.rly t)art of

l'OOll [ I'V,

_7.(_.)>77.(0.9.qs)
Itll(I

Ther(,fore

so that

Qo(77.) >7.77o(o.995 )

7s,>(r<,kP_>(_.)>7o-'(o.9:)r,)7.

• 0. 995

whel'(_ the righl-hlin(I side of e(tuation

aliliroxinialol.v equal to

Z(().91,)5 (77Z) 'd77 x2(lii 7)
]._ _ 0.It5 ..J

0i7) is

Tim ratio /,U't s is ('vahiale(I in It later se('tion t)y

in_ei'ling tit(, lll)])ro])i'ilil(, Z-fill(cliche, and il, is

,,-;]i()wn llilil )f (( 1.

Total accumulation of heat. hi the llnMysis

lliill follows lilt iil)l)('l' limit is f(illni[ f()r tit(' il('(qllll-

nllllllli(in (if henl (]iil'ili_' i'(,enlrv t)),- liSsulning" lhlll

1}1o surfil('o of the shiol,l is I'ais('d in:llinlanoOllS]V

lo tit(' Iollll)(q'illlll'(' 7;_ Ill t _ It. (Allhough liiis

aSStllli[)li()ll inll)li('._ (tit infhlit, e ]l('lililig i'lilo ill.

t_--(), it is lllWei'lil('lOsS a, g()()(] li[)[)l'OXililllliOli

eX('('[)l fi)r slllli]l "el(lilt,,,; of [/'/i. )

E(lulilion_ ('2111 liii(l (.56) Ill'(, first ('onlt)ine([ to

give

d . p_X'_ dm
p,,o_ (p,,o):= <.,,-,_o u-( COS)

i/i((] ih(' lli_t term is lhen ni,gh,('i('d to give

Integration Ilion gives ihe following ul)l)or hmind

for 0:

( _J"" )""p,,o< 2 t (7())
CO

The ll('('uniullilion (if hi'Ill at lime t is ther(,fore

q :p:_,(T<,--T_)O<(2p:x':]v_)_"-'(7],--7'_:)t ''=' (71)

lit(d, whim I If,

Qi< (2p:,c:J:,,)'"2( Pi, .To_) l i' :'_

3I
This Ill)l)or liinit is in([(,[)olil[olil of 7; , and_,. | 1i

for u'iv(,n ma((,rial l)rot)(,rti(,s dOl)(,mls only on the

total tilile of i'('entry, lIVh°n Qi is exliresse(I iis a
fraelioll, of Q(,,: t liere is ot)(liine([

Q: .0.4(i If''

q<)'s<" _ _..S X(II) :*) (,72)

%VilOF( _

[ i)fl.99, " , ]1/:2
- (_Z) l<./77
Ill'2 , it,if5

(7(>.: [.o.<.,u:, Tt2(-_Z) ll_d_
• ] 11.115

(7;0

and is evlilulll('d t) 3" inseriing tlio lll)l)rot)riate

Z-fliiivl iOliS.

Application to particular vehicles. -Th(, )'(,suits
of lh(, l)r(,vious iw() s(,('ih)li,_ are summarized

1)ri(,tly I)(q'oro Sl)('('ifi(' lll)l)li('lliion is hilt(h,:

Th(, (tulinlilv

X (P'f"/c_') ' I='(7_'-- 7'® )

(< "!l "_',_

Wits shiiwli lo lie lilt illil)())'l_ilil I)lirliill(,liq • (if tim

]l('al-('(ili(iuiqioli I)i'()])lein; nlllileri('iillv X';_I0'-' for

lhe ]ow-leniliurltlur(' hiw-von(tu('tivilv inlilerilils

('()ll,_i(](,r(,(] ]i(,l'Oiil.

Sitl)linniii(in will not. o('vur during i'eciilt'v if

X2)> I(FP'I

x,VI I ('l'('

-- • 0,9!#5

The ratio t<,.."ls sat.(sties

v_O _ c_



IS TE('HNICAL I{EPORT R--(;2 :NATI()NAL AEt{()NA[YI'I(S ._NI) SI'ACE AI)MINISTt{ATION

%V]I('I*('

L. IJII. 1t5

The r:llio Qf"(j : salisli('s

Qf
¢2,>,<< 10 :_xlG

wh('i'('

I V f()")")" ql,_
/ I /

', --_£9_):) ....

"5'-'(_Z ) -_"_dfi
Jo .o5

(75)

(7(;)

nmteria)-_; in su('ll n (rose lhe fa('lovs m,c,(g,, T_)

'In(! which al)I)mU' in th(' l)aranmt('r x
• )

would l,(' r('l)hl('('d b N tim an_ll()v()us ('Ontl)()sit(,

(luanti(b's.)
(2) The ratio

t. Pr(,ablation heati)Ig p(,viod

1: Total r(,entry time

satisfies

//_:'(5) (l() ") x _

]']_-_()'46_21 ('q. ( )wherr il is assumed tim(, in ,72)" •

The numm'i("d values of ]_], P_, and l'_ (h,l)(,nd

on (he l)nrti('ular Z-fun('li()ns. In (,a(41 case, how-
ever, the ('o[)d)innlion of fun('lions is such that t,ht'

totM power of Z is zero and (he fac,(ors LID an(l

sin(¢,) whi('h (,nt(,r into tlm (,valuation tilmlly

enn('('l, _'ivin_ r('sults whirh at(' in(h,l)('n(h'nt ()f

I,/1_ an(I ¢_, as shown 1)eh)w.

I _72
Wilh "fiZ - - I. ' 1"_. I"_,,qn(t l,:_are (walual(,d as

3O l)

1:i-: 0.2, 1"_ 34, and k_ I.I, and __re ind('l)('n(hm(

of 1.,,I).

L
,:_ "_:_; ")(b) N(mlil'lin_ ('al)suh' (11 0; 0< '5 °

Nu)neri('al evaluation of tlw ini(,grals give: (llt'

following av(,rag(, value:: I"_: 0.2, I'L, 50, aim
I._, 1.5.

L -_-o
(c) Balli_ti,' v(,hi('h' (1)=-();--(mz _))

],]vahmlion of )he inl(,grals I)y using

Z 30 sin(--,:,)_7(--logfiT)

give: /"1: 0.2, k_--14, an(I k'_ 1.5.

It. is ('on('lu(h,(l from lh(,se num(q'i('al values thai,

for (,ases (a), (I)), or (('):

(1) Sul)limation will not o(.('ur during r(,(,nlry if

Xz<_-2X1() ". (This ('on(lition (lo(,s no( hohl n(,('es-

sarily if (h(, shiehl is a ('Oml)osit(, slal)()f dilr(,r(,nt

(3) Th(, ralio

_2: ll(,at a('(qmmlat('(l by al)lalion shi(,hl
Q : : Hi;,_( .,(,(,umul,tti,(I l)y h(,at sink

salisli(,s

Q:

<2,,,:':: :')x

The t sSUml)li()ns, itm(le in (tie nmdvsis of sul)-
Jimalio), that sul)linmtion l)i,gins soo)i afl(,r tim

initiali(m of r('('nlr3 (wh('n _ 0.!)(.)5) aim that lhe

:i('('|lllill _ll.liOD ()f h('llt is small ('()ml)ar('(l with (lhC

/.

(lisl)()sal ()f h(,at at'(' justili('(l, sin('(, f]-_: ().05 l|,|Id
Q:

"" 5 for x ,-: ]0<
Insul,,_tion requirements. Th(, m(,tho(| of lh(:

l)r('('('di) g s(,(,tion Fives an (,slhnal(, only of tlh(,
amoun! of h(,nt a('('u]nula(('(l l)v the s()li(I shi(,hl

at the 'O)nl)l('tion of r('('n(r3". The l('ml)(wnlur('

(lis(ribulion through tim shield is also of inl(,r(,st,

how(,v(, ', and an al)l)roxi))mt(' annlvsis from which
this di,_tril>ution can l)(, ol)tain(,(l is (h,siral)h,.

The no)din(,ar (lill'(,i'eutial (,(llililliOll and l)()un(lary

(.on(fill( ns 'u'e (h,riv(,(l in dim(,nsionh,ss forn), to-

g(,th(,r 'vi(h (h(, al)l)roxin)ate m(,iho(l ()f s()lution,
in lit(' nl)p(').lix. The results :() ol)tnin(,(] nr(,

summalized Iwivtly and dis('usscd Inq()w.

The eml)(,ralur_, dislrit)ution ut lh(, (,rid of r(,-

entry is

7_,±7'-7'7' (1) .:) ) .I . _:--_
e':_ I-- (,rfc : {"

- -Jr-.) ('I'I(!- ;.)-- (77)
(/ -- --

\V hl,'l'(L
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flll(l

[ ¢, MI "'_"_! ( c,, )l,:0.17h-." ':':/"(1-,)
" % "\pg',,

('p, 2

(7,_)

Th(, ratio 7;,--T, is SllOW. as a ftl.('lio. ()['_ i.

figure 7. (The lnor(, t-el'ncral expri,ssioll for tel.-

I)eratur(, distributiol| (It|ri,_ I'O('IlII'v iS _'ivi,n ill
ill(' al)P(',dix.)

Th(, tt('('UlliUlaliOll of h(.at is

,)

?: _?_ (a,,.,,4",::)"">(7,. 7'o.)f (7.,t)

%V [ 1 ('I'('

1'2

"_<"=91 e-' ::z,'i--li" 4 es- ('rf(' e-:g-_rl"_ erf'_to:
- '2 -- '2 _ i

Tile full('lion .(" is sho\vli in figure ,'4; it, iiiiiy lie

1.0

* .8

o

_..6

A

.:_o

E .2
i5

0 .5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

Dimensionless distance from ablation surface, _¢

]"I(',iRE 7. T(qiil)l,ralur(, di:tril)uli()li wiihiu (hi, solid

shi('ht.

T- 7"_ /psi,\ I'_

"=7',: 7'_: <'=t,i.,,_,) _"

•,..,>_.I.O

.8

c

"f"6

i

]2

.5 1.0 1.5 20 2.5 30

Average rule of mass-loss parameter, _f

Fl(i IRE 8. --Varial i(ul (if _" with ft.

3.5 4.0

./i.1 :' 2

- for |lirg(' x:lilu('s of es
v(,riih,d thai _<_1 llllll _ 2¢f

(in I)rll('l i('(', Cr/"°_-).

Th(' liiliss loss I'lile d._,'d: will I)(, snllii] l}lroilgi)-

o111 l'(,(,llli'v if it., lill(,nl ileal, is lllrge, Sill('('

d nl . (1_)

,It I.+,_ ;'" (T, 7.)
('p,2

Thus, for a low-t_,J,p(,rattive shMd (fo|" iliSlUll('(,,

where X<I(V) vchi('h nlso has sutti('i(,nlly large

hill,ill heal, iiiosl o[' Ih(, il(,l'()(IVlillllii(" heal illt)tll

is losl in I)Otllidllr.v-lllytq' shi(qiling lind in Ill(, ])hl/se

('hang(,, wh(Telis liie lllllOllll| of hi,lit (.Oll([ll(.tt,d

front ih(, Slll'l'll('(, Io ih(, iiilei'ior is sufli('i(,nl only

to k('('l) the stll'fll('(' ill the al)hlthin l('lil[)(,riilllr(,

dm _0
7;. III lilt' liiniiillg ('itS(' wll(,n (It - " and 7',= 7,,

lhroughoul r(,i, iilry, th(, ('onliu('lion I)rol)leln is

(h,s('rilie(I oll(,e it(or(, t)3' il ]iil(,lil' i,(lllilliOll whi('h

hlls lh(, s(Ihllil)ll (its e _())

T-- T r_['p:¢,} I,'_.:-] (,q(,)
7.+ ." =(,rf('",,-- T_ L t l,._t s '2j

Eqtiaii(m (gO) a('Iimll.v fl,'|lislle: an upper litllil

Io ttw teinp('ralu|'(, (]istrit)utioll, silt('{' when at)la-

l,iOil (itk('s plli('c the heal, ('()till,ill of tile r(,nlainilig
shi('hl is r(,(lu('(,(l.

2%11 uppi'r }i/ilii io ltl(' ill'ill ('olll('l)l of (lie

nitll('rilll is ot)lahil'd (is

'o T--T., d.:(2 p ,c,,(7',,-- 7'< ) 7",-- 7':<

whi('h is sinllil.v

O

(/_rT,,, ., (p::,lc,,)',''(T,, 7'_,)/'"_

il Ill(' ('lid of l'(,(,lllry, l_l.r 'lil(]

,)

QS=Tr'_,. 2 (p:_/('_) _' <( 7',,- f<_ ) ls ',2 (gl)

This (,Xil('t littdt is ill)out 20 l)(,r(,(,il( less (hlili (lie

llI)proxillllll(, vl/hle giv(,n ill ('(llllltiOll (71).

Tile t)(,ha, vior of ih(' sohitiOll for lilt'g(' vtilll(,S of

_s ill till, (,n(l of r(,(,nlrv is wrill(,n

7'-- T..

7.--7.,

F (_. M "_1'2 G

I ..... \(',,.IR] . )c,, J(,__)
=(,:q)|,,. t 2_a,:_ ti--_lc, t:f,.., >"

L C p, ;7
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Equ:llio. (SO) show: lhe ctfect of the sublimation

+''.. t h

lmt'ameters (% nnd +7 on tl_e tmnpern-

('p. 2

lure dislt'itmtitm ',vithilt tilt, shMd.

The itlsuhltitm re(luiremetds thn! is, tile
*tnmu. I of lnaterinl which should rcJJmi, wht,n

sul>limation has ceased in order to mainluin tilt'

strurturt, nl somv design tetnl)erature l>ehr, v tht,

sublimation lenll)eruture ,,',ill depend l)rimnrily

on tilt' thcrtnnl diffusivity of thv material /c+pw,,.

the total till.' of reentry t:, aml the at)lnthm

tenllu,rattwe 7.,. The re(luired insuhtthm thick-

hess ran I)e dett,rnfined al)prt_xinmtt,ly front
equtltiott (,77) or fiflll't, 7.

For engineet'in_ pUl'l)o:es lit,' curves of fig'ure 7

u,'e cnsilv approximate<l by

tions ]+.ave been math,, but they nre of such a

nature .is to give ('OllS,'l'Vtttivt' rt,sults, since upper
]itnits !rove been obtnint,d l'tu" lhe total ,tress loss

dut. it) sul)limati<m nnd for tilt+ total heat ac-

cuntul+ ted durinff reentry.

It lu s been shown that tilt, Iota[ rims,+ re<luired

for sttt,limatitm ,h,l)et.ls primarily ,>n the l).tlrtl -
lilt, t t,rt4

Jl "\1:2

l'..'tI:) tleali._ ct)vltirient

F,, _G_ls-shiehling ctn,lli('ieITt
U("

"I', 2

tllt(t

x (T ?')• (+t_ ,' ,'t _+

I tl c- Up

7 '+ (s;+)
.Xh+ximunl intt,rmd shiehlin,_ entlmll)y

-M_xit_-mtii cxh_i'i_al shielding cnthull)y

where <5 is chosrn in such a way that lilt' heat,
r<)ntt,nt is t't)l'r,'ct ; thnt is

This _l_tinition of a gives tilt, qtmsi-stc,_ly result,
Wllt'l't'tl ._ ('OIlSPI'vttlix',' l'estllts nre ol)taim,d when

+ll '20,,,',, (7' 7':),t= (p:+,{'+,t:)''(7_, T, _-(+:)

Evaluatiotl of the integral using the I)ro[ih' of

oquntiolt (S:{) gives

,) ], ", 1,'2

+;;j(.;) t:"-?(+:) (s4)

Therefore tlt,, amount of insulation --p: nl.,ad of

n statiott havin<.: teml)t,l'ttture Tis, front e(lUttli<)ns

(S:'_) anti ($4),

2 (phZ'h') 1:2 l]l,=,r(_.f)1,tg '/:'--7'"'
--P :=_-"-' ",. r,, : " -7"2 T+ + (SS)

The illl])ort_lltt't' of tilt' shMd ltt,ttleritll 1)tlt'ttttlelers

p+,,{'b',% anti 7'<, is evident from the fc,re t..coing
expressions. It iS SO'pll also that tilt, tltllOtltll of

insulation varie: as If"".

13ISCUSSlON

In the t)re,'cding amdysis the t)rim'u'y ol)jective

hns Iteeu t<> obtain siml)h' uscful expressions to

<h,scribc the sublimation of mnlerM from, and the

aCCtLnmhtliott of heat l)y, a h)w-teml)ernture low-

conductivity shMd suilal)le for IIIttlltW(] reetttl'y.

I%r tilt. sake of simplicity several approxima-

£
x i

" - - IJ( --

'2 d+./ C:L,,'2

Ills t,vi(h'nt that lh,,rorr<.('t intt,rl)relnlion ot'o+ r_
Cp, 2

is it,ll)< I'ltt]lt in Ill,' list' Of these t),u'anl(,t(,r:..;; tim

(lu+tnlitv arises wlloll lilt' ,'onv(,,'tive shiehlinff in

Ill,' bm mlarv laver is ctmsidered and is correctly

inlerpr_,ted as

Eiithalpy of ,,.Cases c,)nve<'ted

_. __ in t)(m!.lary layer
c_,2-- Ettllmlpy <lilft,rt.twc across

bt)un(lary layer

l_l rvference 7 this ratio has been rel)la<'etl by

/' I I," "'='".,, ,,,ttp f,,.t,,i.<,,sG,'I). , ,,,,,,.,,.u i+
m<)lecttiur ,,w,ighl, whereas i. ret'eren<'e ti simF, le

.t)l)roxitmtte eXl),'essions for (r nn<l _+,/r_,., were de-

rived, under the asSmnl)tit)n of col,siP.lit c;,.t alld

r/,.e ant appear as e(luatioI_s ('_)2) and (2:+) of the

[)resent report. Ill practice, ht)wever, ,+',.t and

cv+ 2 ttrt' ftnwthms of teml)eralure nlt(l th(, .average

values ttse, l shtmhl Im ctmsistent with tilt' fot'e_oing
ph3+si('al interpretation.
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Furth(,rmor(,, _dlhouvh the quanti(y _ l--
l
_+ .\_,+-"'J is a)_ al)l)r()ximute <.oi)slnnl vuhu', (Ira

exn('( iheor(,ti('nl values for c+ (l('l)+lt't fr()n] (his

wh('tt tilt' iutet'u;d shi('hling ('nttmlpy L4 c,(7'.--

7"<+) is stnaIl <'onil)arod with th(, gn.,.;-l+ly<,r ....dd(,l<l-

ing en(hall).V. (See (h(, (lis<'ussioll of N=I ou

page 7 of r('f. (;.) This situatioll may u<'vur in

the (,arly part ()f r(,ol}(ry if' ih(, hlteN( hi'tlt ()f lh<'
Inat('rial is sn.tll (,n()u/h+ and (h(, us(' of. valu(,

of a that is tuo [;u'ge v,ouhl h,ad to ;in uuder-

estinmth)n <)f (he shit,hl r(,<lilir(,ni<,]it+.

Although ll.' simph, (,+xl)r(,ssi())ls (22)un(I (23)

re't, us(,d hm'oiil it is undt,l'sioud thnt nil (,xpori-
IIl('nllt] v(,rii[('ntion ()f the ratio

Ettth;lll) 3" (if gases ('otv¢(,('te(l hl htmud;try hl.yor

E.(h.lpy (liff('ri,n('<, n(+ross l)()un<lary Inyor

for (hc F,;U'tivular material uud(,r v(in+idertttion is
(h,sirabh'.

The total nlnss loss <lurin V l'(q'llll'V ('+;illhi' writl('l+

( +11 ..,2

m .... 1 |N/_+I \( .AI, ] __"_'x:o(l--rl) lb/:q f't

(+p, 2

wh(,r(, .+x=.+ (h'l)<'n<ls oulv oN lh(, v(,hido (rn-

jt,('t()ry. '+l'tu, (,xn('( vnlut,s hi'(, giv(ql in lnl)h, II,

although rex=t+ is _i'.c(+,tt til)l)l'OXilil;tlely h.v

()1'

rex=. =0.S4 ",277

The (lllltlilit.v ')7, prinlarily n fun('lion of X, r(,pr(_-
s(,nts the frn(giolml re(hi('tioil in ni+t.+.4sloss du(, to
latent h(ml.

Th(, l'(,Inti<)n ])(,tw(,(ql loln] lnnss loss an([ ln+lxi -

tntim <]e('oh,ra(io]+ shows immo(lint(,ly lh(' weighl

penalty in<'urr(,(I as the I)ri('e ()f limiting lhe
i+nnxinlunl (i(,('(,l(,rnli<)n l()Ii h)w valui:,, i).n(l it is

(u)li<'lu(h,<l thai th(' use of +i i)i+i((,ritll wilh h)w

ablation t(,n]l)t,rat ur(, is )i()t +l[)l)roprblt(, t() v(,hi('h,s

",vtlich have high lift-drug rtlth)s. I( is s(,(,)i in

i_glll'(' :], fOl' ('Xtlll)l)](', tlln( th(' value of .+x+,) for

L
=().5 is about lwi(.(, tha( for _j=().

'+Fh(+ (,t[(,(.liv(, heat ('.l)a('it3 + of lh(, nhhttioN
tnal,,,rial is written

H, v---- I:'},500_ Sz, (]'7,v)x=0( I _ 77)-t B tu/l b
(!p, 2

wh(,ro (il+::),,,=i, Itl'ttl r! ttl't' (Ihn(,nsi(ml(,ss uttd (1o

not vary al)pre(qably v<ilh Iraj(,rlory, its s(,en in
figures 4 and 5. Ev(,)l ':.'h(')l +7-() ()u,gligil)l(,

hi(rill heut) tho ('il'('('tiv(' h(';_t ('al);u'ity .c)l' the
)nilt(,rj_il is

\V]I('F('

t3,50()_ +_" (17,::_ x o
('p. 2 =

() '+5+_(IL::) _0 5"' h=0 "

+'_Hitl th(,mH)()t'(a)we ()I a "" is st,t,i);v,h(,n o<%' -_;),
' (_p, 2 ('p. 2

for (,Xaml)h,, (h(, (,fl'(,('(iv(, h(,at ('al)n('ity is l)(,-
tw(,(,n '2J15() Btu/ll)nnd 3,375 l),Iu/]l> t'v(']+ wh(')i

lh(' ]hi(rot h(,i).( is n(,gligibl(,. Wh(,n this rn)Ig(' c)l'

(,lr(,(.tiv(, ])eat ('npn('iti(,s is <'ompar(,(l with lh,l
for h(,nl-sink mt, tals of ih(, ord(,r of 1,000 l_tu/ll)

ih(' r(,<lu('tion iN shi('hl wt'ighl is (lui('My r(,nliz(,d.

Xloreovt, r, sin('e the ('ot't'going ('Otnl)at'ison (h)t,s

not <](,l)(,nd on th(, al)latiou l('zIH)('z'nlt]r(', tlm

u(ivailtag(, is (,nhart<'('d wh(,)l imtl(,rhtls with h)w

uhhtti(m tt, mp(,r;ituros at'(, ('ott,+,i(h,r(,d in viov, of
th(' nlt(,n(ht)d r(,(hwtio)l ht insulation rt,qub'('-

fill (q t ( .+q.

For an ahhttion _,hi(,hl to pt, rform su('t'(,ssfully

it must (lisl)OS(' of, rnlh(,r tlm)t a('('unlttlnte,

h(,nl i,u(,rgy. Th(, ])r(,al)l+tti<))i h(,atiiig p(,rio([

._h(')uhl therefor(, t)(, snm|l ('()tUl);tr(.'d with the total
l'('(ql|rv |+lltO, +tll(i th(' ]i(ml a('('umulat(,d sh()uhl
l)(, +t small fra('tion of thn( whi('h w<)uld I)(, u('-

('umulat,(,d l)y a hi,al sink. ll(,r(,, ih(, d(,(.idillg

pitl'Itlll(q,oF iS

(p,,<',,k,,) '"_( 7;,- 7'+ )
X :

,ll 1/2
('',+''")

l( hns })OOll s}lo"+Vll l[l,nl sul)limatioN will not

o('('ur if X2_>2)>(10 (i, that (lit' rl/(io

l)roablli, tion hOll(,hi!£ I)(.'rio(| / .... _. 2
- -,. . - . . < 5rio )x

J'ot, t/,] helitlllg l)eri<)d "

an(t (tni.t

1](,_( l/e<'uniuh/.itql lt.v lit)lalion +hhd(1/
lieut, t{{;i;/liiiiil/lit,il i)V h(,/l;iLsii_k siiiold "1'5(10 ajx
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[L.. l shy) the mass lossFor t h(, lift i))g vehide _.,/)/'2'

will In, lnrge if )ll)hliion is nlh)wed to I,d_e pht('v

(hu'iug most of the ,'ecntry. Since su('h _t vt,hi('h,
would I)(, ('ooh,d primarily I)v r_ltliation, the use

of ;l ])igh-_ll)hllh)n-lempt,r_llur(, nml(wi_d _ll lhe

]e_uling edge seems more _q)l)r(-)prinlt,. lu suvh
_t (h,sign the .I)hLtion lenlperalure should l)r()bnl)ly

lm m'_lv i})(' me,in r;_.(ihliion (enq.)er_lluv(, of (}u,

vehirh,, _md the I)_mmwterxshouhl t)(, ue_u' the

criiic_d v.lue 2_1(Y if ul)lll(ion i_, 1() rid.a, 1)hwe

only nt,_lr t)('_lk ht,_liiug. The tw}mviov of the

abhtiion mlltm'ial during this hmg lweuhlalion

In'ri()d m_ly I)e of ('ont'(,rn, how(,v(,r.

Wh(,n Ih(, I.,:l( con(lu('lion pvobh,n, is ('on_i(l-

e,'ed, _ln Ul)l)(W limit It) the :u,(,umuhLli()u of h(ml
i_ found ns

,)

?c_7,._ (p:,>_t:)'"'(Z,- 7'_) l_t,J,'s(l h

This*result is indept,nden! of the vehi('h' ('huv)w-

leristi('s nnd bent|rig eXl)(,ri(,n('(, (,x('el)l us they
_dt't,('t ti. The l('ml)('rniure dislvil)ulio)l s_liisties
the vehu ira)

\ h'd:! _J

whvrv lilt, vighl-lmnd side is lhe lira|ling solution

for m,gligit)le nmss loss. From the foregoing
eXlm,ssious for q) and 7' it is seen l[llt| lh(' nmount

of insubition will v_.'v _ls 1:-.

Thus, for a given vt,hich, the Iota| shield weighl

required for sublinntlion _md insuhltion varies

_q)proxim_llelv _s the sqll_lre rool of tim r('onll3+

tim(,, or inverseh" _ls the s(tuar(, root of th(, nmxi-

nuun de('eh, vation. For lmllisiiv vehi('h,s (--_>

5° ) anti m_mm,d elq)suh,s (0 < 7:°'--_'-_,) s, lh(,re-

fore, the _d)hltion shichl olre,,s _tn etlivienl way to
dispose of he)it (.outimmusly during reenlvy.

For Ihe lif(iu_ v('hich' _l high-_lbh_ii<)n-it,ml)(,ra-
tu,'e m_ltevi.d whi('h would allow radi_tti(m from

lilt, surfa('o for the gre_lter part ()f r(,elltry appears

to lu, m()v(, Ulq)vopriu{(,; ubhtlh)n would (h('n

(nke phu'e for _l limile(l time I.,_lr lhe muximum

he_tting ('o,idi).ion (w in ('_lse of _m emm'g(,ncy
IllllllPlIV '?l'.

CONCLUDING REMARKS

An lqq)l'oximate mmlysis tins heen made of at)la-

tion-shi_,hl re(luir(,nwnls for re(,nlry velii('](,s. The

tyt)e of shidd (.onsith, red ,,vlls one of low ablation

teml)el'_iltu'e and low lhermal ('ouductivily which

l)ro(hw(,s no liquid tlh. during _ll)l_iti(m. It is
showu that

I. Tie lollil mass requir(,(l for sul)liniation (h'-

pt,))tls l)riimli'ily on l))i)')i))_e((,)'s which art. fun('lions
t)f tht' t'_ltios

lh,aiing t,nilmll)y

(his shielding (,ullmlpy

lt])(I

,qhit,hli)Ig (hit' t() l'I((,nl h('ll(

('hls-hly(,r shiehling

2. F,)r 'i given v(,hirh, )lu(l shi('hl th(, tohd

nuiss h)ss wu'k,s lls tile s(llmro root or the lt)tal

lime l'ov rt'(,utrv or inv(,rs(,ly _Is the Stlunrt, root of
(lit, Inaxhnuin det'(,i(q'iltion.

3. TTi(, lit,lit ll('('unitlhtl(,d is II sinii]l ])(,r(*(,llliiTo

of ltili, li('('illliil]lil('(l I)v li lit'ill-Sink shiehl, lit0

t)('l'('eli >liT(' h('iil_ (l('l('l'liiili('(l hi" tl singh' pllrlliii('-

it'|' wh,('h ('oiuhhles lhe (,ft':vls ()1' the h(ullhig h,v(,1

(,xl)i,rh n('(,(] (lilt'ill 7 i'(,(,iilry, lh(, I])(,iunll] viii)ll('ily

of the i'elniiillilig slli('l(l, lilid lilt, (lilrusiviiy of ill(,
inal(,ri l].

/. '| lie IlillOlliil of insuhtiio)i iillil(,l'iil| ills() vll<r-

i(,s its .tit' s(tulii't, rool ()f liie lhne or hlvers(,|y its

the S(l nir( ' rool (if lhe inilxhn/ini (h'('el(,rllli()n.

lCroili lit(' for('gohlg tl('i')t'lith'ii('(' or sub]ilililiioli

Ilii(I ]! suhiiion r(,tluh'(,nielii,_ on (h,('t,lt,rlllion ttn(I
time ()l' I'(,('llll'V it IS ('on('lu(h'(l lhttl lh(' low-

lti)lltlit,ll-l('lilp('l'lil iir(, shit'ht siioil](I di,_l)OS(, of helil

very ,,tticieuily for n()nlifting vl,hi('les, t)llt lhe

]ilnile(I list, ()f ii hlgh-ithlalion-ienlli('rlllure shi(,](t

lit th(' ](,ll(tiiig (,(Igt,s is IllOl'(' Ilppl'Opl'illl(' for lit'tilt 7

vi'hi('l 's, D,'tI('I'I' {lit' I)l'ilillll'3" Ill('llll_ ()J' voolilig would

I)e rl_.( hiliv0.

I,AN(;L IY ]'_I,;SEAR('II (_ENTEI¢.,

NAT ()NAt, AEIO)NAI'rI('S AND _I'A(:E AD:',IINIS'rRATI(iN)

L X(;L_':V Fn,'LD, VA., ()ctohe: 1, #051_.



APPENDIX

FORMAl, DEVELOPMENT OF THE DIFFERENTIAL EQUATIONS AND BOUNDARY CONDITIONS

The heat <'omlu('tion Imd)h,m in a Sel,li-intinite

slab is represented by the foll<_wi.g cqtmtiott and

l)oundary conditions. Tht, h.mt r<mdurtilm e<lUa-

tiun is

c)T . +.3+7'

re,c+ 0+' =k',, 0 F (A l )

Tht' initial ('onditio. is

7'=7'++ (! 0,!i,:0) (A2)

The Imtmdary co.<litions arc

tllld

b7'
dt)=k,, o q (.,,,., _'+Ct9 (A:_a)

7' +7',+ (.q _ ,::0,t<_t',,) (A:_I.,)

,-.7. i _ m _ )t!] L' t>t+ (A4,,IT=

b T. I. d m ' l "
q(t) ]c+O!]-l-.s/t (.q re,p,, >t,+) (A4b)

The heal-transfer rate q(1) is, in gem, rnl, tin-

known and must lw <h,termir.,d by an amdysis of

the a'mM.wmmic heat-transfer twoblom. As stated

in the body of the roport the vxpression used

her<' is

q(t) q,,(t) (t<t.) C',..sa)

r • d Ill

q(t)=q(,(t)--a_,_(T+-- 7.) dt (t?>t,,) (A5b)

wht,re q.,(1) is the aerodynamir h_,at-transfer rate
did

to a tw,mthlatiug body arid owp(7' c T,,) tit l'epr(,-

sents the shiehling elrect of the gas Imut.lary layer.

lip .

The ntovi. V bOllll(ltll'y 1/ ----- ts first elimi-
PP,

nated by choosing a roordimlte z ff+m so that
pt

z+ (I is tho sul)lintntin V surf+we. Tl.m the

equations are nlado dimen.'.;iotdess by the intro-

<Itwtion of new varialdcs:

T-- 7'+ +' ,_ i' p,,e+]',+
+' =7;+_7'+++ + t_ ....\h+,,L+] .= (As)

l_+]quations (AI) to (A4)lwcontt,

_r [ Xc_,/I.i,_dm Or O2r

r (i (. n, _.<=(I)

r >0

/,,( 7'_,- 7 +). p,,/,+,, O+

cAT)

(Asa)

(,5 >_ _o, +->o) (Ash)

. = If/

(+\ 10)

l'v_ |

. Is/

t

For r<'/'+, ,'Im/dl is oqtml to zero and the l)rc.Menl

is the (.onvcntiotml ore, of tin(ling the teml)eralure

distribution xvhetl the heat-transfer rate at the

surfn('e is given. For r_+" -, h<+w(,ver the (lifter-
/,-

ential e(itmtion (AT) is nonlinear and there is all

a(hlitional l)otmdarv ('(re(litton eorrespon(liug to

(.",,t[_ ']:+d,';'+
the a<hlitiomd tmkt.v,',m quantity \p+,/,:,,/ +It "

Th.t, follmving apF.roximate m_,thod is used It:.
s'.dve th(, foregoing system of (,(ltmti(ms. A mr,an

23

q.(+) (,,a,y,+
c,,(7,, 7'+) _,p,,/,,,,]

a,,, L+o,;,,,(?;,--9_,,)(9,0)'"+ ,h,+= -b ,,-;,
0_ c,,(7,,- 7 o:) . o,,k,,, iti

(+,,,+',;)
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{cd:-] _''d?D _ is used and It.' linear cqmi-
value \ p_h'h! dl

lion which re:ults from ettualion (A7) is solw'd

Io give ,(_,r,_), and e is then regar(h,d as a fun(.ti(m
of _- in Ihis solu/ion.

A_ a furllter simplifying a[)l)roxinlation il iS

assumed [hal the preablaliou healing' period is

small comtmrt'd wilh the lolal time of I'O('IIII'.V;

lima i:, I_<<1. Tlwn :.... 1 ill ,_ 0 for O.(l.<l:
d

'wh(,r(, # 0 w]lell "77 : 0.(,1();5.

('cd:"_L':'<1._
Equation (A7), with _ r('t)hwing \.pA',,: d/'

1)(,('()mcs

b(+_ &' .:b_" (AI2)
<)T O_ OU

wil h

,, 1 (()::T :1) (AI:).)

G)/'

,_) (_ ,. oo,():T.:l) (A.1;_b)
O_

r- () (r :,0:_< 0) (A13,')

The sohili())i to (,quail(in (AI2) is ()l)iain(,(l l)v

coiiv(,niiomll ],al)hi('(' ti'ansf()i'nl lu(,iho(ls and is
writl(,n

+:).,.f,,(;," ,<
_ 2rl,'_l

(A 14)

The (limcilsit)nh'_: hcat-li'ansf(')' raft' is ol)taint,d

fro)n (,ql.lalion (AI4) ils

o,_)_ ,=t_)'_ ' -2"rf":'_ -t _ (AI:,)

'Flit, thir(I tel'ill e rel)r('s('nls (lit, (liinensionh,ss rate

ill whivh }ienl is iil)soi'lwii }iv Illlil lil_lSS of Illlllel'ial

(luring its l(,Inli('rlilure i'ike fi'oni /'= li lo r I lilid

dock not viiiilribule to ilie In'Ill Voliletil of ille i'e-

lnliinili 7 Inlllerinl. This }iel(t voillelil in dinien-

kionh,kk f()rin ik shiipl.v

ltVhen t 1.:, r 1, and e=¢:, equi|iion (AI4)

l'('(i II('('S 0

I P:_:E_-I-1(,fro _:,7 '_ (AI7)ri ¢.'s_(1--;2(,rfc '2 /--2

whivh, ti_ _: _.() has lheliniiling form

#'/= ('rf(' ,--_) (AI 8)

The tlkynll)loli(' forin for hirg(, _: is

t's >c'st (A19)

Equaiio i (Al(i) for _ _: ('Jill l)o written

U.: 2 [1
t

'2

1:2 _ . . _f 71.1,2

(A2o)

7i-1 2

wh('r(' ._" _1 Ilk f/ /) illll i" :" 7e: Ilk _: > co.

i c,,t:_'''_(,l_g,"l is now replaced
The (1 lalililv. _:-. !Lp_,t4.>) \ dl f:

t)y

[ (,j/'_li2 ?_,_
I_ S : - .__t.,:.,,)t:

( M

;:O.17k. t?'"'il;! (1--r#)( c,, -_L,_
_- a,, " t,_o;:-_! (A21)

C l/,2

t) 3" using (he r(,hliions

( ,11 _"_

m - 1. I s/oH t ( ',,. l 1, / "iN
(!l)

c_

('p, 2

all(I

,,_ o.s4 \2:.: (l-,_)

.17 ,,,,<
C) < 1 --) r ('rf(' ;2 _ - (A 16)

(h,riv(,(I n tit(, analysis (if sut)iinillli(in.

The ])roduc't of dinien_ionlesk helil-lrillisfer rilto

lit llie silrflit'e alid the dililelislonh'ss heal eolilelil.

of the n.alerild (lile qulnllil.v ,1 wiiivh lll)l)eltr._ in
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eq. (5(i)) is f()und ['l'onl e(t.ations (A15) _m(] (Al(i)
ml(l is

+ + 1• --4 erf<' '2 rl,,'2g

X C--4 --'2 7" ('1'1'(' :2) T 1''2 off :2 _ l''r_

,)

I( nm 5" l)e v(,rifi(,d (ira( .i-=: when r_<) for _ill
.,/i=

vnlu('s of _ nn(l +I- ,I ns r >co f()r nil vnh.,s of _.

Thus i( tony I)(, (,xp(,('l(,(l llmt

'2
_<+1_<1

'W

Tlmt is, +l is a slowly v_),l'yhig fun('tio, of r.
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